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 Electrospun nanofibers represent a class of versatile scaffolds for tissue engineering 
applications owing to their ability to mimic the nanoscale features of the native 
extracellular matrix (ECM). In addition, nanofibers produced by electrospinning can be 
readily collected as uniaxially aligned assemblies to recapitulate the architecture of the 
ECM in tissues with anisotropic characteristics, such as tendon-to-bone insertions, tendons, 
and nerves. This dissertation focuses on the design, fabrication, functionalization, and 
assessment of various types of scaffolds consisting of aligned nanofibers, which can be 
used to augment regeneration in tissues with anisotropic structures.  
Briefly, for tendon-to-bone insertion repair, I assessed the capability of aligned 
nanofibers with a gradient in mineral content to induce spatially graded osteogenesis of 
adipose-derived mesenchymal stem cells (ASCs). I also developed an alternative approach 
to the production of a gradient in the density of osteoblasts. The graded pattern of 
osteoblasts generated using both approaches could mimic their distribution in the native 
tendon-to-bone insertion. To further enhance the stiffness of the scaffolds, a new solution 
was developed to coat the scaffold with a thicker mineral layer. In a third project, a novel 
method of generating crimp in aligned nanofibers was developed. A solvent plasticizer was 
employed to release the residual stress retained in the nanofibers during electrospinning, 
which led to the generation of crimp. Finally, the outgrowth of neurites derived from 
embryoid bodies (EBs) was studied using aligned nanofibers as the substrates. Depending 
on the strength of adhesion between nanofibers and neurites, two patterns of outgrowth--
parallel and perpendicular (to the alignment)--were observed. Maturation of neurons 
derived from dissociated EBs was also investigated, as characterized by their extracellular 







 Many of the tissues in the human body do not possess the ability to regenerate, 
making the damages to these tissues irreversible [1]. Additionally, injuries to tissues such 
as nerves, tendons, cartilage, and myocardium also result in significant pain and disability. 
Even with surgical intervention, return of function is often limited and the healing response 
is scar-mediated rather than regenerative [2]. More advanced therapies must be developed 
to promote regeneration and allow the tissues to regain normal function. Regenerative 
medicine has emerged as an interdisciplinary research field that incorporates biology, 
material science, and engineering to replace or regenerate human cells, tissues and organs. 
In regenerative medicine, elements of scaffold design, cellular control, drug delivery, and 
signaling are often integrated to heal or substitute injured tissues [2-5].  
 One of the major challenges in regenerative medicine is to design and fabricate a 
suitable scaffold. Recent advances in biomaterial synthesis and microfabrication have 
made it possible to pattern cells into complex, three-dimensional structures by using 
appropriate scaffolds as the templates [6]. With an ever-growing understanding of the 
intricate interactions between cells and their microenvironment in tissues, more attention 
is now given to the fabrication of scaffolds capable of recapitulating key features of the 
ECM that control the migration, proliferation, and differentiation of cells [7]. The ECM is 
often composed of interwoven protein fibers such as fibrillar collagen and elastin, with 
diameters ranging from tens to hundreds of nanometers. This matrix also contains 
nanoscale adhesion proteins that serve as specific binding sites for cell adhesion [8]. 
Signaling to cells from the ECM occurs by direct interactions between the ligands on the 
ECM and the receptors on cells, the sequestration of growth factors by the ECM, spatial 
cues, and mechanical force transduction [8]. As such, the microenvironment provided by 
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the ECM can control the behavior and fate of a cell [9]. Many techniques have been 
developed to fabricate fibrous scaffolds for use as ECM substitutes [10]. Among these, 
electrospinning has recently emerged as one of the most widely used techniques, owning 
to its ability to generate constructs of fibers similar to the fibrous structures of the native 
ECM. Figure 1.1 shows some typical examples of tissues in the human body whose 
regeneration would benefit from the use of nanofiber-based scaffolds [11].  
 
 
Figure 1.1. Illustration of some typical examples of tissues in the human body whose regeneration 
would benefit from the use of nanofiber-based scaffolds. 
 
1.1 Electrospinning: Set-up and Mechanism  
 Electrospinning is a remarkably simple, robust, and versatile technique capable of 
generating fibers with diameters down to the nanoscale [12]. A typical electrospinning set-
up, as shown in Figure 1.2A, include four major components [13]: a spinneret (e.g., a 
hypodermic needle with a blunt-tip), a syringe pump for ejecting the polymer solution at a 
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controlled rate, a power supply up to 30 kV, and a grounded collector (e.g., a piece of 
aluminum foil). When the polymer solution emerges from a spinneret, it initially forms a 
droplet due to the confinement of surface tension. If a high voltage is applied to the 
spinneret, charges of the same sign will be built on the surface of the droplet. As a result, 
the droplet will encounter two sets of electrostatic forces, including the repulsion between 
the surface charges, and the Coulombic force produced by the external electric field [13]. 
These forces work in combination to distort the droplet into a conical shape commonly 
known as the Taylor Cone (Figure 1.2A) [14]. Once these forces become sufficiently strong 
to overcome the surface tension, a liquid jet directed towards the grounded collector will 
form. The jet will experience both solvent evaporation and whipping instability before it 
reaches the collector. As a result of stretching by electrostatic repulsion and whipping, the 
liquid jet will be continuously reduced in size until it has been solidified or deposited on 
the collector. Conventionally, the as-spun nanofibers are often collected as a randomly 
oriented, non-woven mat. Figure 1.2B shows a scanning electron microscopy (SEM) image 
of such a sample.   
A non-woven mat of electrospun nanofibers possesses high porosity and spatial 
interconnectivity well-suited for nutrient and waste transport and cell communication [15]. 
A scaffold based on electrospun nanofibers also has a large specific surface area for the 
loading of bioactive molecules to facilitate efficient and selective cellular responses. 
Electrospinning has been applied to more than 100 different types of polymers [16]. 
Naturally occurring matrix proteins including collagen, elastin, and fibrinogen and 
synthetic polymers such as poly(ε-caprolactone) (PCL) and poly(lactic-co-glycolic) acid 
(PLGA) can all be prepared as nanofibers by electrospinning [17]. Since different tissues 
have distinct criteria for scaffold functionality, having a wide range of materials to choose 
from allows one to articulate the compositions and other properties of electrospun 





Figure 1.2. (A) Schematic illustration of the setup for electrospinning. The inset shows a drawing 
of a typical electrified Taylor Cone. (B) SEM image of randomly oriented PLGA nanofibers 
collected using the collector in (A).  
 
 
Figure 1.3. Photographs showing the typical electrospinning jet captured with exposure 
times of (A) 2 s [18] and (B) 0.1 ms [19].  
 
Although the setup for electrospinning is very simple, its mechanism can be rather 
complicated. Prior to 1999, the generation of the ultrathin fibers was attributed to the 
splitting or splaying of the liquid jet, which was electrified by the external electric field 
(Figure 1.3A) [12]. Later, a closer examination indicated that the dramatic decrease in size 
of the liquid jet was mainly a result of the bending instability [14, 20-22]. High-speed 
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photography was able to capture only one single, rapidly whipping thread, as shown in 
Figure 1.3B [19]. The shutter speed of conventional photography is more than 1,000 times 
slower than the frequency of the whipping or bending so that the pictures captured by a 
conventional camera are composed of numerous overlapped images of the single whipping 
thread [23].  
 
1.2 Alignment of Electrospun Nanofibers 
Many tissues, including the nerve [24], heart [25], tendon [26], and blood vessel 
[27], have unique anisotropic structures and architectures that cannot be recapitulated by 
scaffolds fabricated using conventional methods. Electrospinning, in contrast, can be easily 
used to generate assemblies of aligned nanofibers to mimic the anisotropy of these tissues. 
In many applications, it is desirable to have a scaffold made of aligned nanofibers, as the 
anisotropy in topography and structure can greatly affect cell morphology, proliferation, 
differentiation, and migration [28-33]. Aligned fibrous scaffolds may therefore be useful 
in replicating the ECM in the aforementioned tissues. A number of methods have been 
developed for controlling the alignment of electrospun nanofibers. These methods can be 
categorized into three major categories depending on the type of forces involved (Figure 
1.4): mechanical, electrostatic, and magnetic.  
In order to align nanofibers using mechanical forces, a metallic rotating mandrel is 
often used as the collector (Figure 1.4A). When the electrospun nanofibers are collected 
using a rotating mandrel, the rotating speed of the mandrel determines the degree of 
alignment of the nanofiber mat. It was shown that random collagen fibers were collected 
at linear velocity lower than 0.16 m/s, while significant alignment was observed at linear 
velocities higher than 1.4 m/s [34]. Whereas a higher speed can result in better alignment, 
a linear velocity higher than 45 m/s will lead to the formation of necks in the nanofibers. 
At very high rotation speeds, the velocity of the electrospinning jet may be slower than the 
linear velocity of the mandrel, which may create excessive stress residues and thus necking 
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in the nanofibers. In order to obtain aligned, uniform nanofibers, it is essential to rotate the 
mandrel at an appropriate and well-controlled speed [35, 36]. 
 
 
Figure 1.4. Controlling the alignment of electrospun nanofibers using three different 
forces: i) mechanical forces through the use of a rotating mandrel (A); ii) electrostatic 
forces through the use of a metallic staple (B); and iii) magnetic forces through the use of 
a pair of permanent magnets (C) [37]. The SEM images in the right column show typical 
morphologies of the aligned nanofibers collected using different methods. The yellow 
plates are grounded conductive electrodes. 
 
Nanofibers can also be aligned by electrostatic forces. Since charges are distributed 
along the electrospinning jet, an external electric field can be used to manipulate and 
control the alignment of nanofibers. Our group has developed a collector consisting of two 
pieces of conductive substrates which are separated by a void gap (e.g. a staple collector) 
to collect uniaxially aligned nanofibers across the gap (Figure 1.4B) [38]. Nanofibers 
descending from the spinneret will experience two types of electrostatic forces. The 
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splitting of electric field with electric field lines pointing towards the two electrodes 
produces the first force, which will pull the fiber towards the electrodes and further induce 
opposite charges on the surfaces of the electrodes when the fiber travels to their vicinity. 
This gives rise to a second force, which stretches the nanofiber across the gap to align it 
perpendicular to the edges of the electrodes. These two types of electrostatic force work 
together to produce a uniaxially aligned array of nanofibers. If the fibers spanning across 
the void gap discharge very slowly and repel each other, the extent of alignment will be 
improved with deposition time [39].  
Using an external magnetic field to control the alignment of nanofibers falls into 
the third category (Figure 1.4C). However, the mechanism for aligning nanofibers 
electrospun in a magnetic field is rarely investigated. In one study, the researchers found 
that the magnetic field could assist alignment of electrospun nanofibers, but only when a 
magnetizable solution was electrospun in a magnetic field [40]. On the contrary, another 
group concluded that the generation of aligned polymer fibers by magnetic field-assisted 
electrospinning was independent of the solution and solvent used and did not require the 
solution to be magnetically active [37]. Although both groups obtained well-aligned 
nanofibers by applying a magnetic field to electrospinning, their interpretation of the 
phenomenon was discrepant, indicating that further efforts are needed to investigate the 
mechanism of alignment for nanofibers electrospun in a magnetic field.  
 
1.3 Scope of This Work 
 This dissertation focuses on the design, fabrication, functionalization, and 
assessment of various types of scaffolds consisting of aligned nanofibers for repairing 
tissues with anisotropic structures. Particular interests were devoted to tendon-to-bone 
insertion, tendon, and nerve. In addition to mimicking the ECM in these tissues, aligned 
nanofibers are further modified for better integration with their niche.   
 In Chapter 2, I first elaborate on how to use aligned nanofibers with a gradient in 
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mineral content to induce spatially graded osteogenesis of ASCs for tendon-to-bone 
insertion repair. The insertion connects tendon to bone through gradients in both the 
composition of ECM and cell phenotypes [41-43]. A scaffold with a gradient in mineral 
content resembles the gradual increase in mineral content from the tendon side to the bone 
side of a tendon-to-bone insertion. In order to generate a gradient of osteoblasts that mimics 
their distribution in the native insertion, this type of scaffolds is utilized to induce graded 
osteogenesis of ASCs. I also discuss an alternative approach to generating a similar 
gradient in osteoblasts in Chapter 2. Briefly, a piece of scaffold is inserted into a 
homogeneous suspension of osteoblasts at a tilted angle. A gradient in cell density can be 
generated as the cells sediment, because the volume of cell suspension available for 
sedimentation varies. Both approaches are capable of generating gradients in osteoblasts 
on aligned nanofibers, which will further the application of aligned nanofibers for repairing 
the tendon-to-bone insertion.  
 In Chapter 3, I focus on improving the stiffness at the highly mineralized end of a 
graded scaffold, which can lead to enhanced osteogenesis of ASCs. For the graded 
scaffolds, the mineral coating was generated by soaking the nanofibers in a 10 times 
concentrated simulated body fluid (10SBF) to produce a thin layer of minerals with a large 
particle size and a flower-like structure [44]. Such coating did not contribute significantly 
to increasing the stiffness of the scaffold. An alternative solution, the modified 10SBF 
(m10SBF) [45], is therefore developed to coat the nanofibers with a thick layer of minerals 
with smaller particle size.  
 In Chapter 4,  I describe a method of generating crimp in aligned nanofibers for 
tendon tissue engineering. Tendon is a type of highly anisotropic tissue, in which collagen 
fibrils not only assemble in parallel bundles, but also exhibit a crimped pattern that results 
in a non-linear stiffening effect with increasing tensile strain to protect the residential 
fibroblasts from extensive mechanical loading [46-48]. Introducing crimps can reproduce 
the mechanical characteristics of the native tendon in aligned nanofibers. Crimps in 
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nanofibers are fabricated by bringing them into contact with their plasticizer. As an 
example, generation of crimps in poly(lactic acid) (PLA) nanofibers using ethanol is 
demonstrated.  
 In Chapter 5, I discuss the potential of using aligned nanofibers as a platform to 
regulate the outgrowth of neurites derived from embryonic stem cells (ESCs) and their 
maturation into motoneurons. The therapeutic effect of delivering ESCs to the injured 
nervous system has been extensively investigated [49-51]. However, functional recovery 
still remains to be challenging. One potential reason lies in the fact that the neurites derived 
from these ESCs are sprouting haphazardly without appropriate guidance. The capability 
of aligned nanofibers to direct the extension of neurites along the alignment has been 
previously demonstrated by several research groups [52-54]. My observations, however, 
reveal that the neurites could also be guided to project in the direction perpendicular to the 
alignment. Preliminary investigation of the mechanism underlying perpendicular 
outgrowth is presented, along with the characterization of the maturation of neurons 
derived from ESCs.  
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GENERATION OF CONTUNUOUS GRADIENT IN CELL 
PHENOTYPES FOR TENDON-TO-BONE INSERTION REPAIR 
  
2.1 Introduction  
Tendon-to-bone insertion is a functionally graded transitional tissue, with spatial 
variations in structural organization, cell phenotype, and ECM composition [1-6]. As 
shown in Figure 1.1, up left, the orientation of collagen fibrils in the insertion gradually 
transitions from highly organized in the tendon to less organized in the bone. Aligned 
nanofibers mimic the overal anisotropy in the insertion, and can therefore be used as a 
scaffold for tendont-to-bone insertion repair. In addition to structural organization, there 
exists a gradient in phenotypes for the cells residing in enthesis. While tendon is populated 
by tendon fibroblasts (TFBs), the bone is populated by osteoblasts, osteocytes, and 
osteoclasts [5]. A increasing gradient of osteoblasts and a decreasing gradient of TFBs from 
the tendon side to the bone side are observed at the insertion. These gradients in cell 
phenotypes cannot be recreated after injury [4, 6]. Approaches to generating  gradients in 
cell phenotypes on aligned nanofibers need to be developed, in order to promote healing in 
tendon-to-bone insertion.  
In this chapter, two approaches were developed to generate gradients in cell 
phenotypes. In the first approach, a scaffold with a gradation in mineral content was 
developed in order to mimic the compositional transition in the ECM of the enthesis. The 
hypothesis is that the relevant stem cells seeded onto such a scaffold will respond to the 
minerals in a graded fashion, thus achieving a gradient in cell phenotype. Our group 
previously developed a simple method for fabricating nanofibers scaffolds with gradients 
in mineral content [7]. In the previous study, 10SBF was gradually added into a glass vial 
containing the electrospun nanofiber scaffold placed at a tilted angle. A gradient in mineral 
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content was formed due to the longer immersion time at the lower portions of the scaffolds 
in the coating solution. As a follow-up study, I investigated the differentiation of ASCs on 
such graded scaffolds. ASCs have a number of advantages over other sources of 
mesenchymal stem cells for: i) they can be harvested using minimally invasive procedures; 
ii) they are available in abundant quantities; iii) they possess the ability to differentiate into 
multiple mesenchymal lineages, and iv) they display immunosuppressive capabilities [8-
12].  
In the second approach, I directly seeded tendon fibroblasts and osteoblasts onto a 
scaffold in a graded fashion, with opposite cell density profiles along the length of the 
scafold, in an effort to mimic the distribution of cell phenotype in enthesis. Briefly, a 
nanofiber scaffold was inserted into a homogeous suspension of cells at a tilted angle.  A 
gradient in cell density formed after the cells sedimented, because the number of cells 
available for sedimentation above the scaffold varied. The second phenotype of cells can 
be seeded in a separate sedimentation procedure, with the scaffold rotated horizontally by 
180 degrees prior to cell seeding. Both approaches were able to generate gradients in cell 
phenotypes, and may be used in combination with aligned nanofibers for repairing the 
tendon-to-bone insertion [13, 14].  
 
2.2 Inducing Graded Osteogenesis of ASCs in vitro 
The goal of this study was to induce spatially controlled osteogenesis of ASCs using 
a nanofiber scaffold with graded mineral coatings. The gradient in mineral content led to a 
gradient in local modulus for the scaffold [7]. Since stem cells respond to both the stiffness 
and composition of the substrate, I hypothesized that ASC osteogenesis would be positively 






2.2.1 Fabrication of Nanofiber Scaffolds with Spatial Gradients in Mineral Content 
  Figure 2.1 shows a schematic of the approach to generating a graded coating of 
calcium phosphate on a nonwoven mat of electrospun nanofibers. Since the amount of 
mineral deposited on the nanofiber scaffold is directly proportional to the immersion time 
in the coating solution, a mineral gradient can be generated by gradually adding the coating 
solution into the beaker.  
 
 
Figure 2.1. Photography of the set-up used for fabricating a nanofiber scaffold with a gradient in 
mineral content. As the 10SBF being added into the beaker, the minerals were gradually deposited 
on the nanofiber scaffold that was immersed in the solution. As the level of the solution rose, a 
gradient in mineral content would form due to the difference in immersion time among different 
locations on the scaffold. 
 
In the present study, the gradient was achieved by adding the mineralization 
solution at a constant rate into a beaker containing the scaffold (supported on a substrate) 
in a tilted angle. The shape of scaffold is rectangular, with the nanofibers aligning in the 
longitudinal direction. To improve the hydrophilicity of the nanofibers and activate their 
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surfaces for calcium phosphate deposition, the scaffold was treated with air plasma first. 
For the mineralization solution, I used a 10SBF, in which the concentrations of calcium 
and phosphate ions were ten times of those found in human plasma. Rapid deposition of 
minerals (within a period of 2-6 h) was achieved by mixing the 10SBF with NaHCO3 [15].  
 Figure 2.2 shows SEM images of uniaxially aligned PLGA nanofibers covered with 
a graded mineral coating. The longitidinal position along the scaffold was registered to the 
interface set by air and the 10SBF solution, which corresponded to d=0. The images shown 
here were taken from the scaffolds at positions of d=1, 2, 3, and 5 cm. The density and 
thickness of the mineral coating increased gradually from d=1 cm to d=5 cm.  
 
 
Figure 2.2. SEM images of calcium phosphate coatings on a plasma-treated non-woven mat of 
PLGA nanofibers at d= (A) 1, (B) 2, (C) 3, and (D) 5 cm. 
 
The relative amount of mineral was determined by energy dispersive X-ray (EDX) 
measurements. As shown in Figure 2.3, the atomic Ca/(Ca+C) ratio changed from ~2% to 
~50% over the distance of 5 cm along the scaffold. Five locations along the long axis of 
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each scaffold were analyzed for the experiments described below. Locations 1 and 5 were 
chosen to represent the unmineralized and fully mineralized regions, respectively, whereas 
locations 2-4 were chosen from the central portion of the scaffold, as indicated in Figure 
2.3. The Ca/(Ca+C)% for location 2, 3, and 4 were 12.8%, 25.3%, and 37.9%, respectively.  
 
 
Figure 2.3. EDX analysis of the gradient in mineral content (N=3). The mineral content increased 
monotonically along the 5 cm length of the scaffold.  The grayscale legend above the plot shows 
the gradient in mineral content, with the highest mineral level shown in black. 
 
2.2.2 Viability of ASCs on Nanofiber Scaffolds with Graded Mineral Coating 
In order to investigate the response of ASCs to the mineral gradients on the 
scaffolds, cells were cultured on the scaffolds in the presence of proliferation medium for 
2 h, 7 day, 14 day, and 28 day. Cell viability was visualized by live/dead staining at the 
end of each time period. The first column in Figure 2.4 shows that ASCs were distributed 
homogeneously on the scaffolds and remained highly viable 2 h post initial seeding. The 
ASCs successfully adhered to the scaffolds and cell density increased with prolonged 
duration of incubation time. The ASCs maintained high viability at all locations on the 




Figure 2.4. Live/Dead staining of ASCs seeded on aligned nanofibers with a spatial gradient in 
mineral content (locations 1-5) after incubation for (A) 2 h, (B) 7 days, (C) 14 days, and (D) 28 
days. Cells remained viable through the culture period, with few apparent dead cells (red). 
 
To visualize proliferative activity in the ASCs, I performed proliferating cell 
nuclear antigen (PCNA) staining for the cells after 7 and 14 days of culture (Figure 2.5). 
PCNA staining was negatively correlated with mineral content. For the proliferative group 
at day 7, ~95% of the ASCs at location 1 (no mineral) maintained their proliferative status, 
whereas only ~50% of the cells at location 5 (the highest in mineral content) were 
proliferative (Figure 2.5, A–C). At day 14, although the cell density remained relatively 
unchanged, almost all of the ASCs at location 5 were negative for PCNA staining (Figure 





Figure 2.5. PCNA staining of ASCs seeded on aligned nanofibers with a spatial mineral gradient 
after culture for (columns A–C) 7 days and (columns D–F) 14 days. (A, D) PCNA staining of ASCs 
on day 7 and 14, respectively. (B, E) DAPI staining of ASCs on day 7 and 14, respectively. (C) 
Superimposed images of (A) and (B). (F) Superimposed images of (D) and (E). Cellular density (as 
visualized with DAPI) was similar from location 1-5 on the scaffold and over time. PCNA staining 
was negatively correlated with the mineral content.  
 
I further conducted 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide 
(MTT) assay to analyze the response of ASCs to the scaffold. During the initial seeding 
process, ASCs were distributed homogeneously on the scaffolds, with similar cell densities 
on all samples. Figure 2.6 shows the absorbance of formazan crystals (dissolved in iso-
propanol) metabolized from MTT by live ASCs. The set of columns for day 1 had similar 
values of absorbance, indicating comparable cell densities across the entire length of each 
scaffold. However, a gradient in cell density, negatively correlated with the mineral content, 
began to appear at day 7 and became more prominent with increasing culture time. 
Specifically, the cell density was the lowest at location 5 (corresponding to the location 
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with the highest mineral content) and the highest at location 1 (corresponding to the 
location with no mineral) for each scaffold. Both factors (culture time and location) 
contributed significantly to these differences in absorbance (p<0.05). 
 
 
Figure 2.6. Quantification of cell proliferation on aligned nanofibers with a graded mineral 
coating for 1, 7, 14, and 28 days. The data were obtained using the MTT assay. Proliferation was 
negatively correlated with mineral content. 
 
2.2.3 Osteogenesis of ASCs on Nanofiber Scaffolds with Graded Mineral Coating 
 Osteogenesis of ASCs was evaluated at day 7, 14, and 28 after seeding. Alkaline 
phosphatase (ALP) is an enzyme that is highly expressed in bone cells, which interacts 
with organic phosphates present in tissue fluids, leading to the accumulation of inorganic 
phosphate necessary for mineralization. This phosphate binds to locally present calcium 
ions to generate calcium phosphate crystals and stimulate bone formation [16]. Therefore, 
ALP is commonly used as an early marker of osteogenesis [17, 18]. 
Images of the localized staining of ALP can be found in Figure 2.7. There was an 
increase in ALP expression by ASCs over time, which was positively correlated with 





Figure 2.7. ALP staining of ASCs seeded on aligned nanofibers with a spatial gradient in mineral 
after (A) 7, (B) 14, and (C) 28 d. There was an increase in ALP expression by ASCs over time and 
this expression was positively associated with mineral content. 
 
Quantification of ALP activity was performed by assessing the mean pixel intensity 
of images using the software Image J. The intensities of ALP activities at different locations 
are shown in Figure 2.8. There were significant effects (p<0.05) on ALP activity from the 
factor of location (i.e., mineral content), culture time, and culture medium at all of the time 
points except for day 1. This analysis supported the staining results: i) there was a positive 
correlation between ALP activity and spatial location (i.e., mineral content), ii) ALP 
activity increased with culture time. Statistically, there was a significant effect of location 





Figure 2.8. Quantification of ALP activity of ASCs seeded on aligned nanofibers with a graded 
mineral coating for 7, 14 and 28 d. There was an increase in ALP expression by ASCs over time 
and this expression was positively correlated with mineral content. Significance indicated by lines 
over the bars.  
 
To further evaluate osteogenesis on the graded scaffolds, immunocytochemistry 
was performed for runt-related transcription factor 2 (Runx2) (an early marker of osteoblast 
differentiation) and osteocalcin (OCN) (a late marker of osteoblast differentiation). Runx2 
is an essential early transcription factor that drives mesenchymal stem cells (MSCs) toward 
osteoblast differentiation [19-22]. For instance, Runx2-deficient mice lack bone formation 
due to the absence of osteoblasts [23]. Results from Runx2 staining at day 14 and 28 are 
shown in Figure 2.9. Runx2 staining was positively correlated with mineral content, and 
increased with culture time. Co-localization of Runx2 and 4',6-diamidino-2-phenylindole 






Figure 2.9. Runx2 staining of ASCs seeded on aligned nanofibers with a spatial mineral gradient 
after culture for (A-C) 14 and (D-F) 28 days. (A, D) Runx2 staining of ASCs on day 14 and 28, 
respectively. (B, E) DAPI staining of ASCs on day 14 and 28, respectively. (C) Superimposed 
images of (A) and (B). (F) Superimposed images of (D) and (E). Runx2 staining was positively 
correlated with increasing mineral content and increased with culture time. 
 
 
Figure 2.10. Representative high-magnification images of Runx2 and DAPI staining of ASCs 
cultured on a nanofiber scaffold with a spatial gradient in mineral content. Runx2 expression was 




OCN is a non-collagenous protein found in the ECM of bones and is involved in 
regulating mineralization [24, 25]. OCN is a specific marker of osteoblasts and is therefore 
a useful marker for the late stages of osteogenesis [26]. No expression of OCN was detected 
at day 7. No positive staining could be found at locations 1–4 at day 14, while some positive 
staining was evident at location 5 (Figure 2.11, columns A–C). At day 28, in addition to 
location 5, OCN was observed at locations 3 and 4 (Figure 2.11, columns D–F). In general, 
the level of OCN expression was positively correlated with mineral content along the 
length of the scaffold. Figure 2.12 shows images of OCN expression at a higher 
magnification, demonstrating its localization to the ECM. 
 
 
Figure 2.11. OCN staining of ASCs seeded on aligned nanofibers with a spatial mineral gradient 
after culture for (A-C) 14 and (D-F) 28 days. (A, D) OCN staining of ASCs on day 14 and 28, 
respectively. (B, E) DAPI staining of ASCs on day 14 and 28, respectively. (C) Superimposed 
images of (A) and (B). (F) Superimposed images of (D) and (E). OCN staining was positively 





Figure 2.12. Representative high-magnification images of OCN and DAPI staining of ASCs 
cultured on a nanofiber scaffold with a spatial gradient in mineral content. OCN was localized to 
the ECM. 
 
ASCs demontrated either proliferative or differentiated phenotypes, depending on 
the local mineral content and culture time. The fate of the ASCs was controlled by both 
compositional cues and scaffold stiffness. Although cells were evenly distributed on 
scaffolds at the time of seeding, increased culture time resulted in more cells being present 
on the bare fibers than those mineralized. These differences in cell distribution became 
more prominent over time. This was consistent with the PCNA results, which showed that 
ASC proliferation was negatively correlated with the mineral content. Under the 
proliferation condition (i.e., in medium lacking osteogenic factors), the mineral content 
was sufficient to encourage ASCs towards osteogenic differentiation. At day 14, almost no 
cells exhibited positive PCNA staining at location 5, whereas ALP, Runx2, and OCN were 
highly expressed, indicating a shift from proliferation to differentiation that was correlated 
with the mineral content. Live/dead staining showed very few dead cells at any location on 
the scaffold, further supporting the interpretation that ASCs shifted from proliferation to 
differentiation after 14 days of culture due to the presence of mineral coating. These results 
are consistent with reports by others. For example, Triffitt et al. found that the proliferation 
of MSCs was reduced on mineral surfaces compared to plastics, while differentiation was 
enhanced by the presence of mineral [27]. Missirlis et al. reported lower proliferation and 
higher ALP activity for MSCs on hydroxyapatite (HA) than on culture plastics [28]. 
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Nevertheless, contrasting results have also been reported by several groups. For example, 
Mooney et al. observed that MSCs grew faster on mineralized substrates, when compared 
to tissue culture plastics, whereas osteogenesis was inhibited by the presence of minerals 
[29]. This apparent contradiction may be explained by the differences in the type and 
morphology of minerals among the various studies. While HA promotes osteogenesis in 
most cases, tricalcium phosphate (TCP) can inhibit osteogenesis due to its low crystallinity, 
small crystal size, high surface roughness, and rapid dissolution rate relative to HA [30-
33]. My obervations are consistent with the literature in that the mineral in the current study 
was primarily HA [34]. 
Osteogenesis of ASCs increased gradually from location 1 to 5 on the graded 
scaffolds. ASCs showed no signs of osteogenesis on the unmineralized portion of the 
scaffold, demonstrated an osteoprogenitor phenotype in the center of the scaffolds, and 
displayed an osteoblast phenotype on the fully mineralized portion of the scaffolds. These 
trends were reinforced with increasing culture time. Runx2 and OCN were chosen as 
representative early and late immunocytochemistry markers of osteogenesis, respectively 
[18, 25]. Runx2 is a transcription factor necessary for early differentiation of MSCs into 
osteoprogenitors [19]. In contrast, OCN is primarily secreted by mature osteoblasts and 
osteocytes, and is therefore a marker of mature bone cells [26]. A relatively large number 
of osteoprogenitor cells were evident at locations 4 and 5 by day 28, while only a moderate 
number of mature osteoblasts were present at this time point. HA mineral is considered 
osteoconductive based on its capacity to promote osteogensis both in vitro and in vivo [35-
37]. Huang et al. showed that both ALP activity and OCN expression of MSCs increased 
due to the introduction of HA into nanofibrous scaffolds [38]. Ramakrishna et al. 
electrosprayed HA onto electrospun nanofibers to enhance MSC differentiation [39]. The 
same group also precipitated HA onto electrospun nanofibers to induce the osteogenesis of 
ASCs [40]. Positive staining for both CD105 (an ASC-specific marker) and OCN showed 
that ASCs were undergoing osteogenesis due to the influence of HA. These and other 
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results confirmed that polymer/mineral composite substrates can enhance the 
differentiation of MSCs by encouraging osteogenesis [41]. 
 
2.3 Generation of Controllable Gradient in Cell Density 
 In this work, I developed a simple and versatile method for generating gradients in 
cell density. It involved the insertion of a substrate into a homogeneous suspension of cells 
at a tilted angle (Figure 2.13). I hypothesized that, due to the varying volumes of cell 
suspension above the substrate, the number of cells available for sedimentation onto the 
substrate would vary along the direction of insertion, naturally leading to the establishment 
of a gradient in cell density on the substrate. Different gradients in cell density could be 
obtained by altering the tilted angle of the substrate.  
 
 
Figure 2.13. A schematic of the experimental setup. A glass slide is placed at a tilted angle in a 
beaker filled with a homogeneous suspension of cells. Due to the varying volumes of cells available 
for sedimentation above the slide, the cells are deposited on the slide with a gradient in density. 
 
2.3.1 Generation of Different Gradient Profiles by Varying the Tilted Angle 
The experiments were carried out with the glass slides being tilted at 15, 30, and 45 
degrees, respectively. In order to improve cell attachment, the glass slides were pre-coated 
with fibronectin and then inserted into homogeneous suspensions of MC3T3 preosteoblasts 
at a concentration of 2×105/mL (one slide per cell suspension). This concentration of cells 
was chosen to allow for a clear observation of cell density by fluorescence staining. All the 
glass slides were 5 cm in length. The highest point on a slide during the sedimentation 
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process was denoted as the starting point and the lowest point was denoted as the position 
of 5 cm. The schematic in Figure 2.14 shows a detailed description of the experimental 
design. The volume of the cell suspension was set in such a way that the starting point of 
each slide was barely immersed for each tilted angle. Therefore, the depth of the cell 
suspension in the beaker was 5×sin15º=1.3 cm, 5×sin30º=2.5 cm, and 5×sin45º=3.53 cm 
for tilted angles of 15, 30, and 45 degrees, respectively. Similarly, the relationship between 
the distance to air/water interface for any given point on the slide, D, its location along the 
length of the slide, L, and the tilted angle θ is: D = L·sinθ (Figure 2.14). In this way, all of 
the gradient patterns started from a density of zero at the starting point (i.e., there were no 
cells at this position available for sedimentation). In an alternative protocol, one could fix 
the volume of cell suspension for all samples so all of the slides would have the same cell 
density at the position of 5 cm. However, this scenario would result in variable cell 
densities at the starting point, and the pattern of the gradient would not stand out as clearly. 
Therefore, the former protocol was adopted for the entire study. 
 
 
Figure 2.14. Schematics showing the detailed experimental design. At a given tilted angle, the 
volume of the cell suspension was set such that the surface of the medium was at the same height 





Figure 2.15. Fluorescence micrographs showing gradients in cell density generated on glass slides 
at tilted angles of (A) 15, (B) 30, and (C) 45 degrees, respectively. The cells were stained with a 
live/dead kit immediately after seeding to give live and dead cells green and red colors, respectively. 
 
Live/dead staining was performed immediately after sedimentation to help 
visualize the cells, where live and dead cells were stained green and red, respectively 
(Figure 2.15). As expected, all the samples had cell viabilities close to 100% after 
sedimentation. While all the three groups showed gradient patterns, the cell density 
increased faster at a larger tilted angle. There were almost no cells present at the starting 
point in any of the three groups. Different cell densities were observed at the 5-cm position 
depending on the tilted angle, with the lowest cell density at 15 degrees (Figure 2.15A), 
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intermediate cell density at 30 degrees (Figure 2.15B), and the highest cell density at 45 
degrees (Figure 2.15C). These results suggest that the slope of the gradient can be tuned 
by simply changing the tilted angle of the glass slide during cell seeding.  
The relationships between the fluorescence intensities of the cells and their 
locations on the glass slides are plotted in Figure 2.16A. In all cases, a linear regression 
provided a close fit to the data, indicating that local cell density increased linearly with 
position on the glass slide. The slopes of the regression lines were calculated to be 4.0, 7.5, 
and 10.5 for tilted angles of 15, 30, and 45 degrees, respectively. The linear relationship 
between the tilted angle and cell density supported my hypothesis that the density of cells 
on the slide depends on the depth in the cell suspension. As expected, the slope of the 
regression also adopted a linear relationship with sinθ (Figure 2.16B). 
 
 
Figure 2.16. (A) Plots showing linear correlations between the cell densities and the positions on 
the glass slides at three different tilted angles. R2=0.99 for all groups. (B) The linear relationship 
between the slope of regression and the value of sinθ, where θ is the tilted angle. 
 
To test the predictive power of this relationship, I calculated the expected cell 
density for a tilted angle of 75 degrees using the regression equation and seeded cells onto 
a slide placed in a cell suspension at a tilted angle of 75 degrees. The slope of regression 
for the cell density gradient at a tilted angle of 75 degrees was predicted to be 14.5. 
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However, seeding cells at 75 degrees for 2 h did not support this estimation, with very few 
cells adhering to the entire glass slide (Figure 2.17A). One possible reason for the observed 
low cell density is that, at large angles, most of the cells rolled down to the bottom of the 
container before they had a chance to adhere to the substrate.  
 
 
Figure 2.17 Fluorescence micrographs showing gradients in cell density generated on glass slides 
at tilted angles of (A) 75 and (B) 29 degrees, respectively. (C) Cumulative gradients in cell density 
generated after two consecutive seeding processes at 29 degrees. The cells were stained using a 
live/dead kit immediately after seeding to give live and dead cells green and red colors, respectively. 
 
Since 2·sin29º was roughly the same as sin75º, I performed two sequential seedings 
at 29 degrees to obtain the gradient in cell density estimated for a tilted angle of 75 degrees. 
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Figure 2.17B shows the gradient after the first seeding process at 29 degrees. Figure 2.17C 
shows the cumulative gradient after two sequential seeding procedures at 29 degrees. The 
fluorescence intensity at each location fit well with the prediction, with a slope of 14.6 
(Figure 2.18). These data indicate that consecutive seeding processes can be used to 
overcome cell adhesion issues associated with large tilted angles, where cell rolling across 
the surface becomes an issue. 
 
 
Figure 2.18. Quantification of the gradients in cell density fabricated using either a single seeding 
process at a tilted angle of 75 degrees or two consecutive seeding processes at a tilted angle of 29 
degrees each. R2=0.99 for both groups. 
 
I was also able to generate opposite gradients in cell density on the same glass slide. 
Specifically, MC3T3 preosteoblasts and TFBs were used to generate reverse gradients for 
the densities of these two cell types. MC3T3 and TFB were pre-labeled with DiO (green) 
and DiI (red), respectively, prior to sedimentation. The MC3T3 preosteoblasts were seeded 
onto the glass slide at a tilted angle of 30 degrees for 2 h. The glass slide was briefly rinsed 
with culture medium to wash off loosely attached cells and observed under a fluorescence 
microscope (Figure 2.19). The glass slide was then horizontally rotated for 180 degrees 
and inserted into a suspension of TFBs at a tilted angle of 30 degrees for 2 h. After washing 
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off loosely attached TFBs, the glass slide was imaged again.  
 
 
Figure 2.19. Fluorescence micrographs showing the generation of reverse gradients in cell density 
for MC3T3 preosteoblasts and TFB on the same glass slide after two consecutive sedimentation 
processes along opposite directions. The two types of cells were labeled with different membrane 
dyes prior to seeding. 
 
As shown in Figure 2.19A, a similar gradient in the density of TFB cells was 
generated along the glass slide but in the reverse direction of MC3T3 preosteoblasts. Figure 
2.19C shows a superimposed image of the images in Figure 2.19, A and B, indicating a 
transition zone at the center of the scaffold where MC3T3 preosteoblasts and TFBs were 
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brought into close proximity. 
 
 
Figure 2.20. Micrographs showing the gradient in density for MC3T3 preosteoblasts on a scaffold 
of electrospun nanofibers that was attached to the surface of a glass slide. The tilting angle was 30 
degrees. A) SEM image of the nanofiber scaffold with both aligned and random regions. B-G) 
Fluorescence micrographs taken from the regions indicated by small boxes in (A). The cells were 
stained with calcein AM before imaging. 
 
The gradient in cell density could also be fabricated on a scaffold of electrospun 
nanofibers using the same procedure (Figure 2.20). The scaffold was attached to a glass 
slide prior to seeding and the tilted angle was set to 30 degrees. The scaffold was designed 
to have two different types of structures with uniaxially aligned nanofibers on one region 
and random nanofibers on the other. When placed in the cell suspension, the random 
nanofibers were kept at the bottom whereas the aligned end was kept at the top. A clear 
gradient in cell density can be observed on the scaffold with no obvious difference in cell 
attachment between the aligned region and the random region. This observation indicates 
that both aligned and random nanofibers are suitable substrates for the generation of 
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gradients in cell density using this simple method.  
There are several advantages associated with this method for generating gradients 
in cell density as compared to previously published approaches [42-44]. First, the 
experimental setup is simple and cell-friendly compared to the printing techniques for live 
cells. Maintaining sterility is trivial for the method presented in this study, but can be 
difficult for the cell printing approaches. Due to minimal cell processing, it is expected that 
the cells will display similar behaviors to the cells plated using the conventional methods. 
A second advantage of the method presented here is the predictability of the gradient based 
on the tilted angle. A simple linear relationship can be used to reproducibly generate cell 
gradients in a particular profile. A third advantage of the present method is the ability to 
easily produce complex gradients in terms of patterns and cell types via sequential seeding 




 In this chapter, I discussed two approaches to generating continuous gradient in cell 
phenotypes for mimicking the cell distribution in native tendon-to-bone insertion. In the 
first approach, nanofiber scaffolds with graded mineral coatings were used as substrates to 
induce spatially controlled osteogenesis of ASCs. The scaffolds were fabricated by 
gradually adding 10SBF coating solution into a glass vial containing nanofibers supported 
on a frame with an orientation close to the vertical direction. ASCs not only remained 
viable on the scaffolds, but also differentiated into osteoblasts, whose density was 
positively correlated with the mineral content.  
In the second approach, a gradient in cell density was generated by inserting a 
scaffold into a homogeneous suspension of cells at a tilted angle. Since the amount of cells 
above the scaffold varied, a gradient in cell density could form as the cells sedimented. 
Different gradients in cell density could be generated by varying the tilted angle. Reverse 
38 
 
gradients in TFBs and osteoblasts, as seen in native enthesis, could be generated using 
multiple sedimentation procedures. I allowed the TFBs to sediment first, rotated the 
scaffold horizontally by 180 degrees, and then performed a second sedimentation with 
MC3T3 preosteoblasts. Both approaches described in this chapter are efficient in 
generating gradients in cell phenotypes and can be employed to fabricate scaffolds for the 
tendon-to-bone insertion repair.   
 
2.5 Experimental 
2.5.1 Experimental Procedures for Inducing Graded Osteogenesis of ASCs in vitro 
2.5.1.1 Materials 
  PLGA (Mw=50,000-75,000, lactide:glycolide = 85:15), dichloromethane (DCM), 
dimethylformaldehyde (DMF), acetic acid, and all chemicals used for the preparation of 
10SBF were obtained from Sigma-Aldrich (St. Louis, MO). All chemicals were used as 
received. 
2.5.1.2 Electrospinning and Plasma Treatment 
The solution for electrospinning was prepared by dissolving PLGA in a mixture of 
DCM and DMF (with a volume ratio of 80:20) at a concentration of 25%. The solution was 
loaded into a 5 mL plastic syringe with a 23 ½-gauge needle attached, and dispensed using 
a syringe pump. The injection rate was 0.5 mL/h. The fibers were collected using a rotating 
mandrel at a speed of 2 m/s. The distance between the tip of needle and the collector was 
about 20 cm, and a voltage of 15 kV was applied. The electrospun nanofiber scaffold was 
then transferred onto a metal frame for plasma treatment. Plasma treatment was conducted 
in a plasma cleaner (PE50, Unitronics, NV) for 3 min to make the scaffold hydrophilic and 
completely wettable by the coating solution. 
2.5.1.3 Generation of a Mineral Gradient  
A stock solution of 10SBF containing NaCl, KCl, CaCl2, MgCl2, and 
NaH2PO4•H2O was prepared in advance, and NaHCO3 was added at room temperature 
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prior to initiation of the mineralization process [7]. To create a gradient in mineral along 
the longitudinal direction of the scaffold, the as-prepared mineral solution was loaded into 
a 50-mL plastic syringe and fed continuously into a glass vial using a syringe pump at a 
feeding rate of 36 mL/h. A uniaxially aligned nonwoven mat of electrospun nanofibers 
supported on a metal frame was placed inside the vial at a tilted angle. Prior to the coating 
process, the scaffolds were pre-soaked in 10SBF(without NaHCO3) for 0.5 h, allowing for 
the easier attachment of mineral coatings. 
2.5.1.4 Characterization of Mineral Content and Morphology 
A SEM (Ultra 60, Carl Zeiss, Thornwood, NY) was used to examine the 
morphologies of the deposited minerals crystals at different locations along the longitudinal 
direction of nanofiber scaffolds. The atomic ratio Ca/(Ca+C)% was determined at different 
locations along the length of the scaffold using EDX. Three samples were examined.  
2.5.1.5 ASC Isolation, Culture and Seeding 
All animal protocols were approved by the Washington University Animal Studies 
Committee. ASCs were isolated from young Sprague-Dawley rats obtained from Charles 
River Labs (Wilmington, MA) using standard techniques [45]. Animals were sacrificed 
using carbon dioxide narcosis. Fat was isolated from the subdermal abdomen and minced 
using scalpel blades.  The minced fat was then placed into a solution of 0.2 wt% 
Collagenase A (Roche, Indianapolis, IN) for 2 h in a cell culture incubator (37 °C, 95% 
relative humidity, 5% CO2). After incubation, the solution was centrifuged and the fat and 
collagenase solution were removed. The remaining suspension was filtered using a Nylon 
100 µm filter (Fisher Scientific, Pittsburgh, PA) and cultured in a standard proliferation 
medium -- α-Minimum Essential Medium (α-MEM, Invitrogen, Carlsbad, CA), 10% fetal 
bovine serum (FBS, Invitrogen), 1:1000 penicillin/streptomycin (P/S, Invitrogen), and 1% 
Amphotericin B (Fisher Scientific). The culture was washed after 24 h with phosphate 
buffered saline (PBS, Invitrogen) to remove any remaining debris and passaged once to 
assure adherence selection. The cells were incubated at 37 °C under 95% relative humidity 
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and 5% CO2. The medium was changed every 2 days until 80% confluence. Cells were 
seeded onto rectangular nanofiber scaffolds (1×5 cm2) glued to petri dishes. 2×105 cells (as 
determined by hemocytometer counting) were seeded onto each scaffold. All ASCs were 
isolated from one rat. All cells for this study were used at passage 2. The cells isolated in 
the present work demonstrated pluipotency based on standard adipogenic, osteogenic, 
chonodrogenic, and tenogenic protocols reported in our previous study [46]. 
2.5.1.6 Live/dead Assay 
 A live/dead assay kit (Invitrogen), consisting of calcein AM and ethidium 
homodimer-1 (EthD-1), was used to assess cell viability and cell distribution. The 
intracellular esterase present in live cells converts calcein AM, a cell permeable dye, to 
calcein, resulting in a bright green fluorescence. EthD-1 can only penetrate damaged 
membranes of dead cells where it binds to nucleic acids, producing intense red fluorescence. 
Briefly, the cells were incubated for 30 min with regular culture medium supplemented 
with 2 µM calcein AM and 4 µM EthD-1, and analyzed via fluorescent microscopy (Leica 
DMI6000, Buffalo Grove, IL). Three samples from each group were analyzed at each time 
point. 
2.5.1.7 Cell Viability Assay  
The relative number of cells on each scaffold was quantitatively measured by the 
MTT assay (Invitrogen). MTT is a tetrazole that is metabolized and reduced to purple 
formazan in live cells. Each scaffold (1×5 cm2) was cut into 10 pieces, resulting in 0.5×1 
cm2 area per piece. At each time point, 3 samples were analyzed. Assays were carried out 
in 12-well plates, and 40 μL of MTT solution in PBS (5 mg/mL) was added to each well 
and incubated at 37 oC for 4 h. Culture medium was then withdrawn and 1 mL isopropanol 
was added to each well to completely dissolve formazan crystals throughout the scaffolds. 
Absorbance was measured at 560 nm using a spectrophotometer (Infinite 200 Pro, TECAN, 
Morrisville, NC). All final data were normalized to the dry weight of each scaffold. 
2.5.1.8 ALP Staining and Immunocytochemistry 
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ALP staining was performed using Vector Red Alkaline Phosphatase Substrate Kit 
(SK-5100, Vector Laboratories, Burlingame, CA) according to the manufacturer’s 
instructions. ALP activities were quantified based on the mean pixel intensity using Image 
J. Three samples from each group were analyzed at each time point. 
PCNA was purchased from Invitrogen. Antibodies for Runx2 and OCN were 
purchased from Abcam (Cambridge, MA). The scaffolds were fixed in 3.7% formaldehyde 
(Sigma-Aldrich) in PBS. The cells were then permeabilized in 0.1% Triton X-100 (Sigma-
Aldrich) in PBS for 1 h. Subsequently, the cells were blocked with 5% normal goat serum 
(Sigma-Aldrich) and 1.5% bovine serum albumin (Sigma-Aldrich) in PBS for 1 h. Each of 
the primary antibodies (dilution: PCNA 1:20, Runx2 1:100, and OCN 1:200) was then 
applied separately to scaffold samples in blocking buffer at 4 oC overnight. After washing, 
the samples were incubated with Alexa Fluor 488 goat anti-mouse IgG (1:200 in PBS, 
Invitrogen) for 1 h, washed, and observed under the fluorescence microscope. Three 
samples from each group were analyzed at each time point. 
2.5.1.9 Statistical analysis 
Results are presented in the form of mean ± standard deviation, with “N” indicating 
the number of samples per group. A three factor analysis of variance (ANOVA) was used 
to determine the effects of culture time, culture medium, and mineral content on cell 
distribution and ALP activities on the scaffolds. Tukey’s post-hoc test was used for all pair-
wise comparisons and significance was attained at p<0.05. Statistical analyses were 
performed with Systat 13 (Crane Software International, Chicago, IL). 
 
2.5.2 Experimental Procedures for Generating Controllable Gradient in Cell Density 
2.5.2.1 Cell Culture  
MC3T3 preosteoblasts (ATCC, Manassas, VA) and TFBs (courtesy of Dr. 
Thomopoulos) were maintained in α-MEM (Invitrogen) supplemented with 10 % fetal 




2.5.2.2 Coating of Fibronectin  
Fibronectin (Sigma-Aldrich, St. Louis, MO) solution was prepared at the 
concentration of 5 μg/mL. Glass slides were soaked in the fibronectin solution for 12 hr at 
4ºC. All slides were rinsed for 3 times in de-ionized water before using. 
2.5.2.3 Generation of gradients in cell density  
MC3T3 preosteoblasts or TFB cells were de-attached from culture flasks at the 
confluency of ~80% using 0.5% trypsin (Sigma-Aldrich) and  prepared as a homogeneous 
suspension in culture medium at a density of 2×105/mL in a sterile beaker. A glass slide 
was gently inserted into the cell suspension at a preset tile angle, and the cells were allowed 
to sediment and attach for 2 h. The scaffold was then gently rinsed with PBS (Invitrogen) 
to wash off loosely-bound cells. In the case of co-culture, the glass slide was seeded first 
with MC3T3 preosteoblasts, rinsed, and then inserted into a suspension of TFBs in the 
reverse tilting direction for 2 h. For visualization, the cells were either pre-labeled with 
membrane dyes (DiO and DiI, Invitrogen) prior to seeding, or post-labeled with live/dead 
cell viability kit (Invitrogen) immediately after seeding, according to manufacturer’s 
instructions. Fluorescence micrographs were taken with a Leica DMI6000 inverted 
microscope (Leica, Buffalo Grove, IL). Fluorescence intensities were quantified using 
ImageJ software (National Institutes of Health, Bethesda, MD). 
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ENHANCING THE STIFFNESS OF ELECTROSPUN NANOFIBERS 
WITH IMPROVED SURFACE MINERALIZATION 
 
3.1 Introduction 
In Section 2.2, I discussed how to generate graded mineral coatings on electrospun 
nanofibers to mimic the compositional transition in the ECM of tendon-to-bone insertion. 
I employed 10SBF to generate mineral coatings on nanofibers, which were able to induce 
osteogenesis of ASCs. Although this method was effective in creating a gradient in 
stiffness of the scaffold, the stiffness of the fully mineralized end still needed to be 
enhanced.  
Previous work has shown that a stiff substrate could induce osteogenesis since 
integrin-mediated cell adhesion to matrix proteins is the first step that determines the fate 
of the stem cells and can therefore play an important role in osteogenesis [1]. Once integrins 
are bound to their ligands, they form specialized protein clusters called focal adhesions. 
These complexes ensure substrate adhesion and directed assembly of actin filaments. 
During osteogenesis, morphology of the cells often changes from fibroblast-like (pre-
osteoblast) to a flattened and polygonal shape (mature osteoblast) [2]. The changes in the 
assembly and disassembly of the actin cytoskeleton are therefore critical in supporting 
osteogenesis [3, 4]. Since the stiffness of a substrate greatly affects the dynamics of actin 
assembly in individual cells, the enhanced stiffness of the scaffold, due to incorporated 
minerals, may be a contributing factor to the enhanced osteogenesis.  
 Given that increasing the stiffness of scaffolds can promote osteogenesis, the 
fabrication of nanofiber scaffolds with enhanced stiffness is of vital importance. The highly 
mineralized end of a nanofiber scaffold coated with 10SBF only displayed a moderate 
Young’s modulus of ~120 MPa, compared to ~40 MPa for pristine samples [5]. A possible 
49 
 
reason lies in the fact that the structure of the mineral coating was highly porous, due to 
the relatively large and randomly oriented grain sizes of the mineral phase. The mineral 
coating typically exhibited a flower-like morphology leading to large void spaces between 
adjacent grains. Reducing this porosity may enhance the mechanical properties of the 
scaffolds. Previous reports have shown a simultaneous increase in both hardness and 
toughness of calcium phosphate films as the grain sizes were reduced from micrometer to 
nanometer scale [6]. 
 To this end, m10SBF was developed in the current study to reduce of the grain size 
of mineral coating on electrospun nanofibers. The major difference between 10SBF and 
m10SBF was the concentration of bicarbonate ion (HCO3
-) in the solution. In m10SBF, an 
increased concentration of HCO3
- was used, since it has been reported that this ionic species 
can reduce the grain size of calcium phosphate [7]. My hypothesis for the current study 
was that the increased concentration of HCO3
- in the m10SBF solution would enhance the 
stiffness of the nanofibers by producing mineral coatings with smaller grain sizes. 
Furthermore, it has been reported that negatively charged surfaces are favorable for the 
heterogeneous nucleation of calcium phosphate [8-11]. The accepted interpretation is that 
the accumulation of Ca2+ ions, due to electrostatic attraction, induces supersaturation near 
a negatively charged surface and, as such, initial nucleation can be preferentially induced. 
Therefore, immobilization of negatively charged species on the nanofiber surface may 
enhance the heterogeneous nucleation of calcium phosphate on that surface, and 
subsequently increase the thickness of the mineral coating. Increased stiffness could 
therefore be achieved by reducing the grain size and increasing the density and thickness 
of the mineral coating [12]. 
  
3.2 The Effect of Surface Charge 
 In this section, four different methods of surface treatment were studied to graft 
molecules with different signs of charges onto nanofibers. Their effect in promoting the 
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formation of a dense, thick coating of mineral was also investigated. The experimental 
parameters for the preparation of all samples are listed in Table 3.1.  
 
Table 3.1. Summary of experimental parameters for sample preparation 
Sample  
No. 




plasma chitosan heparin 21 42 63 
1       0 
2       1 
3       1 
4       1 
5       1 
6       3 
7       3 
8       3 
9       2/3 
10       2 
*Each round of coating lasted 3 hours. For example, two rounds of coating means that the m10SBF 
was replaced with the fresh solution at t=3 h. 
 
 Figure 3.1 shows the influence of surface treatment prior to mineral coating. The 
SEM images were taken from samples 2, 3, 4, and 5, respectively. The major differences 
among these samples are that they were pre-treated in different ways: sample 2 was not 
pretreated, sample 3 was treated with plasma only, sample 4 was treated with plasma and 
then chitosan, and sample 5 was treated with plasma, chitosan, and then heparin. These 
samples were then mineralized in the same coating solution for 3 h. While samples 2, 3, 
and 4 had no or very little mineral deposited on their surfaces, sample 5 had a thick and 
dense mineral coating. A thick mineral layer was also evident from the apparent increase 
in fiber diameter. For pristine PLGA nanofibers, the average diameter was ~600 nm. 
Samples 2, 3, and 4 had approximately the same average diameter. The diameter of sample 
5 was increased to ~1 µm. This increase in diameter indicates that the thickness of the 
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mineral layer was ~200 nm. These results indicate that only a negatively charged surface 
could induce the nucleation of calcium phosphate on the surface of PLGA nanofibers and 
facilitate the mineral crystallization and growth.  
 
 
Figure 3.1. SEM images of PLGA electrospun nanofibers (A) without (sample 2) and (B-D) with 
different types of surface treatments, followed by immersion in m10SBF (with a concentration of 
42 mM for HCO3
-) for 3 h: (B) treated with plasma (sample 3), (C) treated with plasma and then 
chitosan (sample 4), and (D) treated with plasma, chitosan, and then heparin (sample 5). 
 
 In Figure 3.1C, the nanofibers were first treated with plasma and then coated with 
chitosan. Chitosan is likely to be positively charged in the coating solution [13]. Previous 
studies have demonstrated that a positively charged surface tended to inhibit the nucleation 
of HA [9]. As a result, the nanofibers in Figure 3.1C were barely coated with HA. The 
nanofibers in Figure 3.1D were first treated with plasma, and then coated with chitosan and 
heparin. Heparin is likely to be negatively charged in the solution [13]. A negatively 
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charged surface promotes the heterogeneous nucleation of HA, leading to a uniform, thick, 
and dense coating [14]. Heterogeneous nucleation only occurs on the surface of an object 
when the interaction favors a decrease in the free energy. Anionic groups such as –COO- 
brought to the surface of an organic polymer by heparin may, for example, attract Ca2+, 
resulting in local supersaturation and nucleation of crystallites in the vicinity of the 
nanofiber and minimization of homogeneous nucleation in the bulk solution. In comparison, 
the surface of nanofibers in sample 4 was positively charged due to the existence of 
chitosan, which presents amine groups to the fiber surface thereby inhibiting the 
precipitation of calcium phosphate on the surface of the scaffold (Figure 3.1C). 
 
3.2 The Influence of HCO3- Concentration 
 The influence of HCO3
- concentration on mineralization is shown in Figure 3.2. 
The SEM images were taken from samples 6, 7, and 8. The difference among these samples 
is the concentration of HCO3
- in the mineralization solution: 21 mM (sample 6); 42 mM 
(sample 7); and 63 mM (sample 8). The pH of 10SBF (21 mM) was ~6.1 while the pH of 
m10SBF (42 mM) was ~6.7. The increase in pH resulting from the additional HCO3
- could 
lead to an accelerated rate of HA precipitation. In order to remove this precipitate, I filtered 
the m10SBF before coating the nanofibers. The concentration of HCO3
- influenced the 
grain size, and thus surface roughness of the mineral coating. After incubation in 10SBF 
containing 21 mM HCO3
-, plate-like crystals were formed on the fiber surface (Figure 
3.2A). When the concentration of HCO3
- was doubled, there was a significant change in 
grain size for the mineral coating (Figure 3.2B). The morphology of the mineral coating 
changed from a plate-like structure to a dense layer with a great reduction in both grain 
size and surface roughness. After mineralization with an even higher concentration of 
HCO3
- in the 10SBF (sample 8), all of the fibers were fully encased in thick mineral sheaths 
with smooth surfaces (Figure 3.2C). The reduction in grain size may have been due to 
molecular interactions between the precipitated HA and HCO3




- ions are believed to act as an inhibitor of HA crystal growth in a simulated body 
fluid. In the absence of growth, nucleation events are favored for HA. The grain size of HA 
was therefore reduced due to the increased concentration of HCO3
- in m10SBF [7]. 
 
 
Figure 3.2. SEM images of PLGA electrospun nanofibers that had been immersed in m10SBF 
solutions with different concentrations for HCO3
-: (A) 21 mM (sample 6), (B) 42 mM (sample 7), 
and (C) 63 mM (sample 8). These samples were all pre-treated with plasma, chitosan and heparin 
prior to mineral coating. (D) SEM image of tubular structures made of nanocrystalline HA that 
were obtained by dissolving the PLGA nanofibers (sample 7) in the core. 
 
To determine the thickness of the mineral coating, sample 7 was immersed in DCM 
to selectively dissolve the PLGA fibers in the core and obtain tubular fibers made only of 
the mineral phase (Figure 3.2D).  The thickness of these tubes (i.e., the thickness of the 
mineral coating) was ~420 nm. I then quantified the level of mineral content using an 
electronic balance and EDX. The mineral content (Ca/(Ca+C)%) increased from 0.5% to 
57.7% as the minimization time was increased from 0.5 h to 9 h; at the same time, the mass 
54 
 
percentage of the mineral increased from 0.08% to 3.13% during the course of 
mineralization for 9 h (Figure 3.3A). As expected, the coating thickness increased from 
230 nm to 450 nm with increasing immersion time (Figure 3.3B).  
 
 
Figure 3.3. (A) Quantification of the mineral content by EDX and direct weighing measurements, 
and (B) dependence of the mineral coating thickness on mineralization time. 
 
3.4 Characterization of the Mineral Coating Produced Using m10SBF 
 Various characterization tools were employed to better understand the composition 
and structure of the mineral phase produced using m10SBF (Figure 3.4), including Raman 
spectroscopy, X-ray diffraction (XRD), transmission electron microscopy (TEM), and 
high-resolution TEM. A strong peak at 960 cm-1 and a medium peak at 1050 cm-1 were 
clearly seen in the Raman spectra for the mineralized nanofibers (Figure 3.4A). These 
peaks represent symmetric stretching of the phosphate group. It has been reported that 
peaks in the region of 950-960 cm-1 and 1000-1100 cm-1, are characteristic of crystalline 
HA [15]. The Raman spectra also showed peaks corresponding to the molecular vibrations 
of the PLGA component, including the C-H (1450 cm-1) and C-COO (875 cm-1) stretch 





Figure 3.4. (A) Raman spectrum, (B) X-ray diffraction pattern, (C) TEM image, and (D) high-
resolution TEM image taken from sample 7, which was pre-treated with plasma, chitosan, and 
heparin, followed by immersion in m10SBF for 9 h with change to the fresh solution at t=3 and 6 
h. 
 
XRD was used to investigate the crystal structure of the mineral phase after 
mineralization in m10SBF for 3 hours. As shown in Figure 3.4B, the XRD pattern only 
shows peaks for crystalline HA. Figure 3.4C shows a typical TEM image of the HA tube, 
which was formed by multiple HA grains wrapping tightly together. Figure 3.4D is a high-
resolution TEM image, which showed a well-resolved lattice fringe for a single mineral 
grain. Overall, the mineral produced using m10SBF was mainly HA. These HA grains 
closely packed together and wrapped around each individual nanofiber to form a thick layer 




3.5 Mechanical Properties of Nanofibers Coated by m10SBF 
In terms of mechanical properties, the modulus greatly increased with prolonged 
coating time, as longer process of mineralization would increase the mineral content in a 
scaffold (Figure 3.5A). Conversely, the toughness of the scaffolds decreased with 
prolonged coating time (Figure 3.5B), indicating that the scaffolds had become more brittle 
(and more bone-like) with longer mineralization time. Despite the increase in stiffness, 
prolonged coating time did not cause the yield stress to change, implying that the coated 
mineral did not increase the stress at which permanent deformation began (Figure 3.5C).  
 
 
Figure 3.5. Mechanical testing results for samples mineralized for 0, 2, and 6 h, respectively. (A) 
Modulus increased with prolonged mineralization time, while (B) toughness (i.e., energy 
absorption) decreased. (C) Yield stress (i.e., strength) was unchanged during mineralization. (* 
p<0.05) 
 
These findings demonstrated that the mineral coatings produced using the new 
m10SBF solution could enhance the stiffness of nanofiber-based scaffolds. For the 
scaffolds fabricated using the conventional 10SBF, the modulus was only 100 MPa [5]. In 
comparison, scaffolds coated using m10SBF had a modulus as high as 500 MPa, since the 
grain size for the mineral coatings was drastically reduced. Specially, increasing the 
mineralization time had led to an increase in modulus, clearly demonstrating a stiffening 





 In this chapter, a new type of solution, m10SBF, was developed to coat the surface 
of electrospun PLGA nanofibers with HA. In a typical procedure, negatively charged 
heparin was immobilized first, followed by the deposition of HA nanocrystallites through 
mineralization in m10SBF. I demonstrated that these treatments could facilitate the 
formation of thick, uniform HA coatings with greatly reduced grain sizes. When compared 
with scaffolds mineralized using conventional 10SBF, those coated using m10SBF had a 




 PLGA (Mw = 50,000-75,000, lactide:glycolide = 85:15), DCM, DMF, acetic acid, 
chitosan(low Mw), heparin, 1-ethyl-dimethylaminopropyl carbodiimide (EDC), N-
hydroxysuccinimide (NHS), 2-morpholinoethane sulfonic acid (MES), and all the 
chemicals for preparation of the 10SBF were obtained from Sigma-Aldrich (St. Louis, MO). 
All of them were used as received. 
 
3.7.2 Fabrication of PLGA Nanofiber Scaffolds by Electrospinning.  
The fabrication process is identical to what is described in Section 2.5.2.2.  
 
3.7.3 Pretreatment of PLGA Nanofiber Scaffolds with Chitosan and Heparin  
In order to increase the efficiency of immobilizing chitosan and heparin onto the 
nanofibers, the PLGA surface (typically hydrophobic) was modified by plasma treatment 
for 8 minutes. The PLGA nanofiber scaffold was then soaked in an aqueous solution 
containing 0.2% chitosan and EDC/NHS/MES (0.40 g EDC and 0.097 g NHS in 50 mL 
de-ionized water with 50 mM MES buffer) for 4 h. Afterwards, the sample was transferred 
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into an aqueous solution of 1% heparin and EDC/NHS/MES for an additional 4 h. Finally, 
the sample was then washed with de-ionized water and dried in air at room temperature.  
 
3.7.4 Mineralization of Nanofiber Scaffolds Using m10SBF 
A supersaturated solution of 10SBF was prepared following the procedure 
described in Section 2.5.5.3. In order to investigate the role of HCO3
- in mineralization 
with the 10SBF, the solution was modified by using three different concentrations for 
HCO3
- (m10SBF). In order to remove the impurities, the solutions were filtered through a 
0.22 µm pore size filter system. The chitosan- and heparin-coated PLGA scaffolds were 
then immersed in m10SBF in a capped plastic tube and kept at 37 ºC for 0.5-9 h. The 
m10SBF solution was changed every 3 h when needed. After removal from m10SBF, the 
sample was gently washed with water and then dried in air at room temperature.  
 
3.7.5 Structural and Mechanical Property Characterization  
The morphologies of the PLGA nanofibers (before and after surface modification 
with chitosan or heparin) and the PLGA nanofibers after mineralization in m10SBF were 
examined by SEM (FEI Nova 200 Nanolab). The samples were sputter-coated with gold 
for 60 s prior to imaging, and an accelerating voltage of 5-15 kV was used. 
Samples mineralized for different periods of time (0, 2 and 6 h) were subjected to 
tensile testing for measurement of their mechanical properties [5]. The scaffold was cut 
into strips of 3×14 mm2 in size for uniaxial tensile mechanical testing (N=2-4 per group). 
The scaffold thickness was measured using a laser micrometer (LK-081, Keyence) while 
the width was measured from calibrated digital images. The cross-sectional area was 
calculated as width multiplied by thickness. Mechanical testing was then performed in 
uniaxial tension under displacement control at a strain rate of ~0.5% per second using a 
materials testing system (ElectoPuls, Instron). Testing was recorded by video at 
1360×1024 resolution at 2.5 fps using a CCD camera (DP70, Olympus). Engineering stress 
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was calculated as load divided by initial cross-sectional area, and finite strain was 
determined from image data using custom Matlab (Mathworks, Natick MA) routines. 
Modulus was calculated as the slope of the linear region of the stress-strain curve. 
Toughness was calculated as the area under the stress-strain curve, reflecting the energy 
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GENERATION OF CONTROLLABLE CRIMPS IN NANOFIBERS 
USING PLASTICIZER-BASED TREATMENT 
 
4.1 Introduction 
 As discussed in Chapter 1, tendon is a type of highly anisotropic tissue, in which 
collagen fibrils are assembled into highly ordered, parallel bundles and aligned along the 
long axis of the tissues [1]. This anatomic structure serves to transmit the forces generated 
by muscle contraction directly to the skeleton with a minimal loss of energy [2-4]. In 
addition to packing in parallel bundles, the collagen fibrils exhibit a characteristic crimping 
pattern that results in non-linear stiffening of the tissue with increasing tensile strain [5-7]. 
These crimped structures are capable of absorbing more strain than straight fibers, and 
consequently serve to buffer mechanical loads generated by the attached muscles or bones 
[3]. Furthermore, the crimp produces a spring-like mechanism that protects the muscle 
from tearing during contraction [8, 9]. Although much progress has been made in 
producing biomaterials that match the strength and stiffness of the native tendon and 
ligament [10-12], little effort has been focused on reproducing the non-linear stiffening 
behavior for native tissues that is driven by the crimped microstructure. Since electrospun 
nanofibers can be readily collected as aligned arrays, they represent a promising class of 
scaffolds for repairing tendon injuries [13]. In this Chapter, I will discuss a new method 
for generating crimps in nanofibers using plasticizer-based treatment to recapitulate the 
crimped microstructure in tendon.  
Several approaches have been developed to generate crimps in nanofibers. For 
example, Wang et al. produced bicomponent nanofibers through side-by-side 
electrospinning of two different polymer solutions [14]. A curly morphology was observed 
when the diameters of the fibers were relatively thick, which can be attributed to the uneven 
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stretching of the two materials during electrospinning. Amsden et al. demonstrated that 
nanofibers could be introduced to crimp when electrospun at a temperature higher than the 
polymer’s glass-transition temperature (Tg). The residual stresses retained in the fibers 
would cause the nanofibers to shrink upon removal from the collecting mandrel [15]. 
Magnetic-field-assisted electrospinning was also reported to be capable of generating 
crimps in nanofibers when a high flow rate was used for electrospinning [16]. All these 
approaches involve the introduction of residual stress into the fibers during the generation 
process, which was later released, allowing the nanofibers to crimp. Although these 
techniques can be used to fabricate crimped nanofibers for various potential applications, 
the degree of crimping could not be effectively controlled, compromising the full potential 
of such structures. 
 In this chapter, I developed a simple method for generating crimps in fibers by 
exploiting the interaction between a polymer and a plasticizer. Ethanol was used as a 
plasticizer to treat poly(lactic acid) (PLA) fibers and induce the formation of crimps.  PLA 
is a widely used material in tissue engineering scaffolds due to its inherent biodegradability 
[17]. Electrospun nanofibers were first collected as uniaxially aligned arrays to mimic the 
anisotropic anatomy of the tendon [18]. During electrospinning, the fibers are continuously 
stretched by a combination of forces, including the electrostatic force in the electric field 
and the repulsion force among the charges accumulated on them. These forces generate a 
significant residual stress in the polymer chains composing each fiber and lead to 
elongation of the chains along the long axes of the nanofiber [19, 20]. My hypothesis is 
that upon contact with ethanol, the chains will release the residual stress by returning a 
conformation with lower energy. As a result, crimps will be generated in the nanofibers.  
 
4.2 Generating Controllable Degrees of Crimping in PLA Nanofibers 
 Since crimping in each individual nanofiber will cause the sheet to shrink, the 
degree of crimping for the nanofibers can be controlled by varying the degree of shrinkage 
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for the nanofiber sheets. PLA was first electropun onto a rotating mandrel to obtain a sheet 
of uniaxially aligned nanofibers. The sheet was then cut into multiple strips of 1×5 cm2 in 
size. The nanofibers were aligned in longitudinal direction of the strips. The schematic of 
the ethanol treatment procedures is shown in Figure 4.1. The original length of the strips 
was denoted as “L0”. Prior to ethanol treatment, the two edges perpendicular to the 
alignment were fixed at various distances, as denoted by “L”. When L=L0, the samples 
maintained their original length after ethanol treatment; When L<L0, the samples were 
initially at slack, but took L as their new length after ethanol treatment.  
 
 
Figure 4.1. Schematic showing the procedures for ethanol treatment.  
 
Figure 4.2A shows a SEM image of pristine PLA nanofibers. Figure 4.2, B-E show 
the SEM images of samples treated with ethanol at L/L0=100%, 75%, 50%, and 25%, 
respectively. Samples treated at L/L0=100% had no crimp whereas samples treated at 
L/L0=25% had substantial crimps. A decreasing trend in wavelength (i.e., an increasing 
trend in degree of crimping) can be visualized in Figure 4.2, B to E. The minimum length 
a PLA strip can take after treatment with ethanol is around 10% of its original length. In 
Figure 4.2F, the wavelength and the amplitude of the crimps were plotted against L/L0. 
Depending the value of L/L0, the wavelengths of the crimps could be tuned from ~100 μm 
to ~10 μm, while the amplitudes remained between 3-10 μm. In addition to crimping upon 





Figure 4.2. SEM images showing (A) pristine PLA nanofibers, (B-E) PLA nanofibers treated using 
ethanol at (B) L/L0=100%, (C) L/L0=75%, (D) L/L0=50%, and (E) L/L0=25%. The degrees of 
crimping were controlled by varying the value of L/L0. (F) Plot showing the relationship between 
wavelength/amplitude of the crimped nanofibers and L/L0. The wavelength was positively 
correlated with the value of L/L0, while the amplitude of the crimp remained unchanged (N=100). 
(G) Plot showing the relationship between diameter of the crimped nanofibers and L/L0 (N=100). 
The diameter was negatively correlated with the value of L/L0. 
 
As shown in Figure 4.2G, the diameter of the nanofibers increased from ~350 nm 
for pristine samples to over 1 μm for fibers treated at L/L0=25%. This phenomenon 
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supports the initial hypothesis that crimping is generated upon contact with ethanol by 
retraction of the elongated polymer chains inside each nanofiber. 
 Ethanol was also effective for generating crimps in fibers composed of copolymers 
and polymer blends containing PLA. As shown in Figure 4.3, A and B, fibers composed of 
PLGA (copolymer of PLA) and PCL/PLA blends also became crimped upon treatment 
with ethanol. Similarly, crimps were generated using other polymer/plasticizer 
combinations, such as polyvinylidene fluoride (PVDF) and DMF. Figure 4.3C shows that 
the PVDF nanofibers became crimped after soaking in DMF. 
 
 
Figure 4.3. SEM images showing crimped nanofibers composed of (A) PLGA (85:15), (B) 
PCL/PLA blends after treatment with ethanol, and (C) PVDF after treatment with DMF. 
 
4.3 Mechanistic Study of the Interaction between Ethanol and PLA 
  In order to investigate the mechanisms underlying the structural and mechanical 
changes to PLA nanofibers treated with ethanol, Raman spectroscopy and differential 
scanning calorimetry (DSC) analysis were performed. Figure 4.4A shows the Raman 
spectra for pristine nanofibers, samples treated at L/L0=100%, and samples treated at 
L/L0=50%. Many characteristic peaks were observed, and their assignments were 
discussed in previous literature [21]. The spectra of samples treated at L/L0=100% and 50% 
differed most dramatically in the 400 cm-1 region. These differences can be attributed to 
changes in the polymer chain conformation. Bands between 415 and 398 cm-1 are assigned 
to an in plane bending vibration for the carbon-carbonyl backbone. The band at 410 cm-1 
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is strongly affected by chain conformation whereas that at 397 cm-1 is not [22]. Specifically, 
the intensity of the band at 410 cm-1 increases with increasing crystallinity and can 
therefore be assigned to the crystalline phase, whereas the intensity of the band at 397 cm-
1 is not affected by crystallinity. The relative intensity between these two bands therefore 
indicates the level of crystallinity. Figure 4.4A shows that the intensity of the band at 397 
cm-1 did not differ among pristine samples, samples treated at L/L0=100%, and samples 
treated at L/L0=50%. However, the intensity of the band at 410 cm
-1 was higher in samples 
treated at L/L0=100% and lower in samples treated at L/L0=50%, as compared to the 
pristine sample. These results indicate that the crystallinity was increased in samples 
treated at L/L0=100% and decreased in samples treated at L/L0=50%. These observations 
supported a mechanism by which PLA polymer chains release residual stress during 
ethanol treatment, leading to increased crystallinity if the initial length is maintained or 
crimping if the length is not constrained.  
The chain conformation or crystallinity of the samples was also analyzed using the 
intensity of the cold crystallization peak through DSC analysis. A cold crystallization peak 
appears when an amorphous polymer sample is heated slowly above its Tg. This occurs 
because crystalline structures are formed when the molecules have sufficient kinetic energy 
to start crystal growth [23, 24]. This phenomenon occurs in the range of temperature 







where ∆𝐻𝑓 is the heat of fushion, ∆𝐻𝑐 is the heat of cold crystallization, and ∆𝐻𝑓
° is the 
heat of fusion for 100% crystalline PLA, which is 93 J/g [25]. The intensity of the cold 
crystallization peak is therefore negatively correlated with the crystallinity of the sample. 
Three major peaks were observed in the DSC spectra for pristine PLA nanofibers, samples 
treated at L/L0=50%, and samples treated at L/L0=100% (Figure 4.4B), representing Tg, 
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cold crystallization temperature (Tc), and Tm, from left to right, respectively. The samples 
treated at L/L0=50% had a large cold crystallization peak at 85.3 ºC. The crystallinity 
calculations for pristine nanofibers, samples treated at L/L0=50%, and samples treated at 
L/L0=100% were 8.8%, 1.7%, and 32.2%, respectively. Not surprisingly, nanofibers 
treated at L/L0=100% showed the highest crystallinity, as the polymer chains released their 
residual stress but not allowed to retract. In other words, the energy released by the fibers 
during treatment was used to increase the crystallinity when the length was constrained. In 
contrast, when the length was not constrained, as in the case for samples held slack at 
L/L0=50%, the energy released by the fibers during treatment was converted to fiber 
retraction and generation of a crimped morphology.  
 
 
Figure 4.4. (A) Raman spectra and (B) DSC curves of the pristine PLA nanofibers, samples treated 




To further examine the energy released by the nanofibers upon treatment with 
ethanol, force was measured when the samples were immersed in de-ionized water to 
ethanol, respectively (Figure 4.5). A rise of force was observed during treatment, reaching 
a plateau after ~1 minute. The maximum force was reached rapidly for the samples soaked 
in ethanol (9.8 ± 2.5 sec), and rose to a value of 0.13 ± 0.05 N. The stress produced during 
ethanol treatment was ~16% of the ultimate stress of the pristine nanofibers. In contrast, 
no obvious change in force was observed for samples submerged in de-ionized water only.  
 
 
Figure 4.5. Forces generated by the PLA nanofibers when the samples were immersed in ethanol 
or de-ionized water.  
 
4.4 Mechanical Testing 
 The crimped nanofibers demonstrated many of the mechanical characteristics of 
native tendon tissue. Specifically, the crimped nanofibers obtained using ethanol treatment 
at L/L0=50% displayed a stress-strain curve that included a non-linear toe region, followed 
by a linear region prior to yield. The toe region in these samples ended at a strain of ~0.075 
(Figure 4.6). In contrast, uncrimped nanofibers that were treated with ethanol at L/L0=100% 
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and the pristine fibers had toe regions that ended at strains of ~0.005 and ~0.02, 
respectively. When comparing these three samples, the stress-strain curves were distinct. 
 
 
Figure 4.6. Stress-strain curves for for pristine PLA nanofibers, sample treated with ethanol at 
L/L0=50%, and sample treated at L/L0=100%. N =12 for each group. 
 
Figure 4.7 compares the mechanical properties of pristine nanofibers with those 
obtained through ethanol treatment at L/L0=50% and 100%. Samples treated at L/L0=100% 
had the highest modulus and strength, but the lowest yield strain (Figure 4.7, A and B). 
The significantly higher modulus for the samples treated at L/L0=100% is consistent with 
an increase in crystallinity, as modulus and crystallinity are positively correlated (Figure 
4.7A) [26]. In contrast, crimped samples treated at L/L0=50% had the lowest modulus but 
the highest yield strain, which is defined as the maximum strain a sample can reach before 
deforming plastically. Prior to the yield point, material deformation is reversible; a 
deformed material and will return to its original shape when the applied stress or strain is 
removed. Figure 4.7B shows that the yield strains were 5%, 4%, and 11% for nanofibers 
annealed at pristine nanofibers, samples treated at L/L0=100%, and samples treated at 
L/L0=50%, respectively. As shown in Figure 4.7, C and D, samples treated at L/L0=100% 
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also had the highest toughness and ultimate stress, as compared to the pristine nanofibers 
and the samples treated at L/L0=50%. 
 
 
Figure 4.7 Tensile mechanical testing demonstrating (A) Young’s modulus, (B) yield strain, (C) 
toughenss, and (D) ultimate stress for pristine PLA nanofibers, samples treated at L/L0=50%, and 
L/L0=100%. N = 12 for each group, significance indicated by the * above the bars as compared 
with the pristine nanofibers (p<0.05).  
 
The higher yield strain in the nanofiber samples annealed at L/L0=50% was likely 
a result of the crimp microstructure in the nanofibers. Removal of crimp results in the non-
linear toe region observed in native tendon under tension, an important mechanical feature 
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of soft connective tissues [27, 28]. A relatively low yield strain, as seen in pristine nanofiber 
scaffolds and uncrimped nanofiber scaffolds treated at L/L0=100%, may predispose 
scaffolds to pre-mature rupture in the in vivo setting. Crimped nanofiber scaffolds, on the 
other hand, have a yield strain comparable to native tendon, and may therefore be a better 
class of scaffolds for repairing soft connective tissues. The toughness and ultimate stress 
of samples treated at L/L0=100% were also the highest among the three groups due to its 
increased crystallinity, while no significant difference were observed between pristine 
nanofibers and samples treated at L/L0=50%.  
 
 
Figure 4.8. Live/dead staining of the TFBs cultured on (A-C) pristine nanofibers and (D-F) 
crimped nanofibers treated at L/L0=50%. The alignment of the nanofibers is indicated by the arrow 
in (A). The TFBs in (B) and (E) were subjected to 10% strain and remained alive, exihibiting a 
slightly elongated morphology. The TFBs in (C) and (F) were subjected to 20% strain. While most 
of the cells died in (C), majority of the cells in (F) stayed alive, suggesting that cells cultured on 




To further demonstrate the advantages of crimped nanofibers in repairing the soft 
connective tissues such as tendon, I cultured TFBs on pristine nanofiber and crimped 
nanofibers treated at L/L0=50%. After allowing attachment for 48 hours, samples in both 
groups were subjected to static tensile stretching for 24 hours. Live/dead staining was 
performed to evaluate the viability of the cells (Figure 4.8). Initially, all the cells were 
stained alive as shown Figure 4.8, A and D. In the pristine group, ~87% of the cells 
remained viable after the samples were subjected to 10% strain (Figure 4.8B) while this 
number decreased to ~7% as the stain went up to 20% (Figure 4.8C). A large portion of 
TFBs even de-attached from the scaffolds as pristine nanofibers ruptured at 20% strain. In 
the L/L0=50% group, TFBs assumed a more polar morphology in Figure 4.8E at 10% strain 
while ~91% remained viable. When the strain increased to 20%, in Figure 4.8F, ~80% of 
the cells stayed alive. There results indicate that TFBs cultured on crimped nanofibers have 
a much higher tolerance on strain.  
 
 
Figure 4.9. Quantification of live TFBs cultured on pristine nanofibers and crimped nanofiber 
treated at L/L0=50% under various strain (N =20). *, †, and # indicate significantly difference 
(p<0.05) between pristine and L/L0=50% groups at the same strain, within pristine group 




Viability quantification of the TFBs in both groups under various strains is shown 
in Figure 4.9. Aligned nanofibers with crimps i) mimic the anisotropic anatomy of the 
tendon; ii) exihibit non-linear stiffening behavior with increasing tensile strain to 
recapitulate the mechanical characteristics of the native tendon tissue; iii) protects TFBs 
from strain tearing, are therefore a type of scaffold more advantageous than pristine aligned 
nanofibers for tendon regeneration.  
 
4.5 Summary 
 In this chapter, I demonstrated the use of ethanol treatment to generate crimps in 
electrospun PLA nanofibers. By controlling the length that the scaffolds could take after 
ethanol treatment, the residual stress was converted either into increased crystallinity 
(leading to increased modulus for the nanofibers) or longitudinal contraction (leading to 
crimps). TFBs cultured on the crimped nanofibers showed a higher mechanical tolerance 
upon strain than those cultured on the pristine, aligned nanofibers. Taken together, the 
nanofibers with crimps constitute a novel type of scaffolds for tendon and soft connective 




Electrospinning solution was prepared by dissolving 1.25 g PLA (Mw=75,000) was 
dissolved in 10 mL hexafluoro-2-propanol (HFIP). The solution was loaded into a 5 mL 
plastic syringe with a 23 ½-gauge needle attached, and dispensed using a syringe pump. 
The injection rate was 0.5 mL/h. The fibers were collected using a rotating mandrel at a 
speed of 2 m/s. The distance between the tip of needle and the collector was about 20 cm, 
and a voltage of 15 kV was applied. All the samples were imaged using a Zeiss Ultra-60 




4.6.2 Raman Spectroscopy and DSC Analysis  
The Raman spectra were recorded using a Thermo Almega XR Micro and Macro 
Raman Analysis System. The excitation wavelength used was 488 nm. Backscattered 
Raman signals were collected on a CCD detector. The power of the laser was 20 mW, and 
the acquisition time was 2 s. The thermal behavior of PLA nanofiber was characterized by 
DSC (Q2000, TA instrument) in a temperature range from 0°C to 200°C at a heating rate 
of 20°C/min.  
 
4.6.3 Mechanical Testing 
Uniaxial tensile tests were performed using an Instron Electropuls E1000 with 
custom grips, and analyzed using custom code written in Matlab. Samples from all three 
groups were cut into testing strips of 1×3 cm2 in size, with the nanofibers aligned parallel 
to the longitudinal direction. Untested portions of the scaffold were measured for their 
thickness using a Keyence LK-081 laser micrometer, and the average value was taken as 
the thickness of the sample. These samples also were used to calculate the apparent density 
of the scaffolds using their mass and estimated volume. Samples were tested under uniaxial 
tension at quasi-static conditions, with a constant strain rate of 0.1% per second along the 
direction of alignment.  
 
4.6.4 Testing of Force Generation during Ethanol Treatment 
Tests were performed to measure the forces produced by PLA nanofiber scaffolds 
when they were immersed in ethanol or de-ionized water (as control). All the testing strips 
were held at their original length during the tests. Samples were first placed between 
magnetic frames for preservation of their initial dimensions during handling and mounting. 
The frames were mounted onto thin film grips and placed in a container connected to an 
Instron EPuls E1000 for force measuring. Two of the edges parallel to the alignment were 
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cut off from the frame to eliminate any force they could contribute. Ethanol or de-ionized 
water was then quickly added into the container. Force was measured for 50 seconds, with 
the grips held stationary. The force data was then analyzed by low-pass filtering.  
 
4.6.5 Cell Culture and Live/dead Staining 
 TFBs were maintained in Dulbecco's modified eagle medium (DMEM) (Invitrogen) 
supplemented with 10 vol% FBS (Invitrogen) and 1 vol% P/S (Invitrogen) till 80% 
confluency. Scaffolds were prepared as 5×1 cm2 strips with the alignment parallel to the 
shorter edge (1 cm), and attached to 90 mm petri-dishes using medical adhesive (Fisher). 
Scaffolds were sterilized under UV for 30 min prior to cell seeding. The cultures were kept 
in an incubator at 37 °C under a humidified atmosphere containing 5% CO2 for 48 h for 
cell adhesion. The scaffolds were then mounted onto a home-made device to stretch the 
scaffolds to 10% or 20% strain. The cells were maintained under static tension for 24 h 
prior to live/dead staining.  
 See Section 2.5.5.6 for live/dead staining procedures.  
 
4.6.6 Statistics 
Results are presented in the form of mean ± standard deviation, with “N” indicating 
the number of samples per group. Comparison between groups was performed using the 
one-way ANOVA and the difference was considered significant for p<0.05. Tukey’s post-
hoc test was used for all pair-wise comparisons and significance was attained at p<0.05. 
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THE OUTGROWTH AND MATURATION OF NEURONS DERIVED 
FROM EMBRYONIC STEM CELLS 
 
5.1 Introduction 
  As discussed in Chapter 1, electrospun nanofibers are emerging as a platform for 
neural tissue engineering because they can be readily aligned to create anisotropic 
topographies, closely mimicking the anatomy of the nerves [1-3]. For improved 
regeneration, the nanofiber scaffolds can be delivered in combination with certain types of 
cells with therapeutic effects [4-7], since the loss of functional neurons is the main cause 
of most disorders in the nervous system [8, 9]. In addition, traumatic injuries to the nervous 
system often result in the nearly irreversible deprivation of neurons [10]. Current clinical 
procedures can address the symptoms but are inadequate in halting the neuronal death and 
rescuing, or regenerating, the cellular functions [11-14].  
Many cell sources have been investigated by researchers for their therapeutic 
effects. Among these sources, ESCs represent one of the most promising candidates. ESCs 
display pluripotency and can divide rapidly in vitro, providing a sufficient number of cells 
for in vivo implantation within a reasonable time frame [15-18]. Many groups have 
explored the use of ESC-derived neurons for treating various neurological disorders. For 
example, Mckay et al. reported that the ESCs could efficiently generate midbrain 
precursors and dopamine neurons in vitro and extend axons into the host striatum to form 
moderately functional synaptic connections in a rat model of Parkinson’s disease [19]. 
Jessell et al. showed that ESCs-derived motor neurons could be used to treat amyotrophic 
lateral sclerosis (ALS) by implanting them into the spinal cords of chick embryos. ESC-
derived neurons could populate the embryonic spinal cord, extending axons and forming 
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synapses with target muscles 7 days post implantation [20]. Results from these studies have 
established the foundation of ESC transplantation.  
To date, numerous studies have demonstrated that aligned nanofibers can guide 
neurites to extend along the fibers in the direction of alignment (parallel outgrowth) [21-
24]. However, rarely were the investigations devoted to understanding the interactions 
between neurites and nanofibers mechanistically. Our group has recently piloted a study to 
understand how the interaction between neurites and nanofibers could affect the outgrowth 
patterns of the neurites derived from dorsal root ganglia (DRG) [25]. Although it was 
generally believed that DRG neurites would extend along the nanofibers [23, 26-28], our 
group observed, for the first time, that DRG neurites could also grow along a direction 
perpendicular to the aligned nanofibers [25]. During studies, I also observed a similar 
behavior for neurites derived from EBs (spherical aggregates of ESCs), which inspired me 
to perform the research described in this chapter.  
Herein, I will first discuss the different patterns of outgrowth for neurites derived 
from EBs on nanofibers with different properties (e.g., fiber density and hydrophilicity, 
among others), followed by some preliminary mechanistic studies. Since EBs need to be 
dissociated into single neurons for delivery purposes, I also investigated the outgrowth 
patterns and maturation of individual neurons derived from ESCs.  
 
5.2 Outgrowth Patterns of Neurites Projected from EBs 
5.2.1 The Effect of Fiber Density on Neurite Outgrowth  
 I first investigated the effects of the density of uniaxially aligned PCL nanofibers 
on neurite outgrowth emanating from EBs. The fiber density was controlled by varying the 
collection time. The samples were sterilized with 70% ethanol prior to seeding with EBs. 
Figure 5.1, A-C shows the density of nanofibers when collected for 1, 2, and 15 min, 
respectively. Figure 5.1D shows the relationship between numbers of fibers per mm and 





Figure 5.1. (A-C) Typical SEM images of nanofibers which were collected for 1, 2, and 15 min, 
respectively. (D) Fiber densities at different fiber collection times [23]. 
 
Figure 5.2 shows typical neurite fields projected from EBs seeded on aligned 
nanofibers with different fiber densities. Few neurites emanated from EBs on fibers with 
very low densities (collected for 1 min), together with no clear trend for the outgrowth 
direction (Figure 5.2A). Some neurites grew parallel to the direction of alignment while 
others grew perpendicularly. Additionally, the length of the neurites growing on scaffolds 
with a very low density of fibers was much shorter compared to those growing on denser 
counterparts (Figure 5.2, B-D). Contrary to most previous reports, the majority of neurites 
grew perpendicularly to the direction of fiber alignment indicated by the arrow in Figure 
5.2A. EBs cultured on uniaxially aligned nanofibers were imaged by SEM after 
dehydration. Figure 5.3A clearly shows that the neurites extending from the EBs were 






Figure 5.2. Fluorescence micrographs showing typical neurite fields projected from EBs seeded 
on scaffolds consisting of uniaxially aligned nanofibers with different densities. The white arrow 
indicates the direction of fiber alignment. The scaffolds with different nanofiber densities were 
obtained with the deposition time of (A) 1 min, (B) 3 min, (C) 5 min and (D) 10 min. Neurites 
preferred to grow perpendicularly to the fiber alignment at all examined fiber densities, except for 
the case when the fiber density was too low to support significant neurite outgrowth. 
 
 
Figure 5.3. SEM images of neurites projecting from EBs on electrospun PCL nanofibers. (A) 
overview of the perpendicular outgrowth of neurites extending from EBs. (B) Enlarged view of the 




Previous studies have demonstrated that uniaxially aligned nanofibers can direct 
neurite outgrowth along the direction of the fiber alignment. Neurites emanating from 
various types of cells, including DRG, hippocampal neurons, PC12, xenopus spinal 
neurons, and c17.2 neural stem cell-derived neurons were reported to be extending parallel 
to the alignment [26, 29-31]. It is noteworthy that the substrates used in these studies were 
modified in some ways. For example, in one of our previous studies, only parallel 
outgrowth of the neurites emanating from EBs was observed. This is because the samples 
used in previous study were sterilized via ethylene oxide (EtO) treatment, which would 
oxidize the backbone of PCL molecules into carbonyl species and increase the 
hydrophilicity of the substrates [32]. The substrates used in Figure 5.2 were pristine PCL 
nanofibers, whose hydrophilicity were much lower than those treated with EtO. As a result, 
the neurites adopted a pattern of perpendicular outgrowth instead. These observations 
indicate that the direction of neurite outgrowth is closely related to the extent of 
hydrophilicity of nanofibers. Since increasing the hydrophilicity of the nanofibers often 
leads to better adhesion between cells and their substrates [33-35], it is reasonable for me 
to assume that the pattern of neurite outgrowth on nanofibers is determined by the strength 
of adhesion between the two. The next section will therefore be focused on the 
investigation of the outgrowth patterns of the neurites projecting from EBs cultured on 
substrates with different surface modifications.  
 
5.2.2 The Effect of Surface Modification on Neurite Outgrowth 
 In this section, I further examined the outgrowth of neurites on PCL nanofibers 
with two different types of alignments–uniaxial and radial–and different degrees of 
hydrophilicity. SEM images of the nanofibers with these two alignments are shown in the 
insets of Figure 5.4, A and D, respectively. The nanofibers were obtained by collecting for 
10 min, sterilized with 70% ethanol overnight. Nanofibers used in Figure 5.4, A and D 
were pristine, while those in Figure 5.4, B and E, and Figure 5.4, C and F were treated with 
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air plasma for 10 min and 20 min, respectively. As shown in Figure 5.4, A-C, the neurites 
exhibited perpendicular outgrowth on the pristine fibers, a mixed pattern of parallel and 
perpendicular outgrowth on fibers treated for 10 min, and parallel growth on fibers treated 
for 20 min. This phenomenon can be explained by taking into consideration of their 
difference in surface properties (i.e., hydrophilicity and cell adhesion). Similar trends of 
outgrowth were observed for EB-derived neurites cultured on radially aligned nanofibers 
(Figure 5.4, D-F), which were fabricated using a procedure described in our previous 
publication [36]. It is worth noting that the neurites tended to grow along a curve as they 
attempted to project perpendicularly to radial alignment (Figure 5.4, D and E). It appears 
that neurites can accommodate variations in local topography and change direction 
accordingly during projection.  
It was demonstrated that oxygen-containing groups, including –OH and –C=O, on 
the surface of PCL nanofibers increased during plasma treatment, resulting in an increase 
in hydrophilicity and enhancement of biological performance (i.e., cell adhesion and 
proliferation) [37]. The direction of neurite outgrowth appears to be mainly determined by 
the surface properties of the fibers. Interaction between cells and the substrates can also be 
enhanced by coating the nanofibers with adhesive molecules in the ECM, such as 
fibronectin and laminin. As a result, the neurites also exhibited a pattern of parallel 
outgrowth on fibronectin and laminin coated nanofibers. Additionally, neurites can grow 
in an arc on radially aligned nanofibers, meaning that neurite are very sensitive to local 





Figure 5.4. Fluorescence micrographs showing the outgrowth patterns of neurites projected from 
EBs on (A-C) uniaxially and (D-F) radially aligned nanofibers, as determined by their surface 
properties. (A, D) pristine nanofibers, (B, E) fibers treated with plasma for 10 min, and (C, F) 
fibers treated with plasma for 20 min. Insets show SEM images of (A) uniaxially aligned nanofibers 
and (D) radially aligned nanofibers. The arrows indicate the direction of uniaxially-aligned 
nanofibers. 
 
5.2.3 The Pharmacological Effect on the Neurite Outgrowth  
 The outgrowth patterns of neurites on various types of scaffolds described in 
Section 5.2.2 collectively suggest that the projecting behavior of neurites is most likely 
mediated by adhesion mechanism. When neurites adhere tightly to nanofibers, they tend 
exihibit parallel outgrowth; when the adhesion is relatively weak, neurites prefer to adhere 
to each other and fasciculate by forming bundles to reduce their contact area with the 
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nanofibers. At the same time, the filopodia at the tip of the growth cone keeps exploring 
its vicinity by grasping onto the nanofibers and pulls itself forward by extending 
perpendicularly to the alignment. In order to validate this hypothesized mechanism, EBs 
were cultured on uniaxially-aligned PCL nanofibers in the presence of a number of 
different chemical species in the medium. All scaffolds were fabricated with a collection 
time of 10 min. According to the observations in Figure 5.1D, neurites should extend 
perpendicularly to the alignment in the normal culture medium. However, it appeared that 
neurites extending from EBs cultured on nanofibers in the presence of blebbistatin, an 
inhibitor of myosin II, mainly presented parallel growth (Figure 5.5A), suggesting that 
myosin II may play some role in perpendicular outgrowth. Growth cones rich in actin 
microfilaments have the potential to interact with myosin II, a member of the myosin 
family of molecular motors that drives the transportation of actins [38]. It has been reported 
that myosin II isoforms played an important role in cellular adhesion through modulation 
of the interaction between integrin receptors and the extracellular matrix [39]. Inhibition 
of myosin II would result in impairment of neuronal growth cone motility due to its 
involvement in retrograde flow and actin filament organization [40, 41]. When the neurites 
are extending perpendicularly, the growth cone is in an “exploring” mode, which requires 
very high motility so that it can protrude and retract in a timely fashion. Inhibiting the 
phosphorylation of myosin II in the presence of blebbistatin will therefore lead to parallel 
outgrowth.  
When EBs were cultured on fibers in the presence of Y27632, a specific inhibitor 
of Rho-associated kinase (ROCK), neurites projecting from EBs mainly exhibited 
perpendicular growth (Figure 5.5B). ROCK inhibits the depolymerization of actin 
filaments, and therefore leads to their stabilization and an increase in numbers. The 
increased number of stable actin filaments and the reduction in actin monomers contribute 
to a reduction of cell migration. Therefore, in the presence of Y27632, the growth cones 
maintained their mobility and exhibited perpendicular outgrowth mainly. In the presence 
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of anti-neural cell adhesion molecules (anti-NCAM), most of the neurites displayed 
parallel growth, with a few of them grew perpendicularly (Figure 5.5C). NCAM is a 
homophilic binding glycoprotein expressed on the surface of neurons which regulates the 
cell-cell adhesion between neurons. When it is inhibited, the cell-cell interaction between 
neurites will be weakened. The adhesion between cell and substrate becomes comparable 
to that between cells, so a significant portion of neurites switch to parallel instead. 
Meanwhile, few neurites were able to sprout when cultured in the presence of anti-
neurofascin (Figure 5.5D). Neurofascin is a member of the L1 subgroup of the Ig 
superfamily and involved in axon subcellular targeting and synapse formation during 
neural development. It promotes axon outgrowth through interactions with NCAM [42, 43]. 
Anti-neurofascin seemed to have an overall effect in inhibiting neurite extension.   
 
 
Figure 5.5. Fluorescence micrographs showing typical neurite fields projecting from EBs cultured 
on uniaxially-aligned nanofibers in the presence of (A) blebbistatin (50 µg/mL), (B) Y27632 (10 
µM), (C) anti-NCAM (50 µg/mL),  and (D) anti-neurofascin (50 µg/mL). The arrow indicates the 




 The mechanisms of neurite navigation on aligned fibers are not yet fully understood. 
Pharmacological studies found that myosin II and NCAM may play a partial role in 
perpendicular growth. It is known that the directional extension of neurites is a result of 
traction force exerted by filopodia. When the neurites are extending perpendicularly, the 
growth cones of neurites may grasp the fibers, applying force to the fibers and pulling the 
neurites forward (Figure 5.6) [44]. 
 
 
Figure 5.6. SEM images showing that neurites extending from the EBs could grasp the fibers 
during their extension process. 
 
5.3 Outgrowth and Maturation of Neurons Derived from Dissociated EBs 
 As clusters of cells, EBs are not directly deliverable to the injured site. Therefore, 
understanding the outgrowth patterns of neurons derived from dissociated EBs is of pivotal 
significance for the successful application of aligned electrospun nanofibers as scaffolds to 
facilitate nerve regeneration. In addition to projecting neurites, the maturation of neurons 
on nanofiber scaffolds also remains to be explored. Therefore, this Section is divided into 
two parts: i) outgrowth patterns of neurons derived from dissociated EBs and ii) functional 
characterization of their maturation. 
 
5.3.1 Outgrowth Patterns of Neurons Derived from Dissociated EBs 
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 Individual neurons were obtained by trypsinizing EBs. Typically, 1×105 cells were 
seeded in each well of a 24-well plate containing aligned nanofibers. Superimposed 
fluorescence images of DAPI and Tuj1 staining were shown in Figure 5.7, A and B. When 
seeded on pristine nanofibers, the neurites preferentially perpendicular outgrowth (Figure 
5.7A). The direction of alignment was indicated by the arrow. When seeded on nanofibers 
that were treated with plasma for 20 min, the pattern switched to parallel outgrowth (Figure 
5.7B). These observations were consistent with those observed for EBs in Section 5.2. 
Figure 5.7, C and D shows the superimposed image of nanofibers in brightfield and neurites 
with Tuj1 staining in fluorescence. 
 
 
Figure 5.7. Fluorescence micrographs showing outgrowth of neurons derived from dissociated 
EBs. (A, C) perpendicular outgrowth when cultured on pristine nanofibers and (B, D) parallel 
outgrowth when cultured on nanofibers treated with air plasma for 20 min. Cell nuclei were stained 
with DAPI in blue, neurites were stained with Tuj1 in green. 
 
5.3.2 Functional Characterization of Neurons Derived from Dissociated EBs 
 In order to examine the functions of neurons derived from dissociated EBs, I first 
measured the extracellular action potentials of a sampling neuron. Action potentials are 
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generated by voltage-gated ion channels embedded in the cell membrane [45]. These 
channels are shut at resting potential. When there is an increase in membrane potential, 
these channels rapidly open and allow an inward flow of sodium ions, which in turn 
produces a further rise in the membrane potential and causes more channels to open. The 
ions flowing across the cell membrane result in electrical currents in the resistive 
extracellular volume around the neuron. These currents establish dynamic electrical field 
changes which can be sensed with an extracellular recording electrode [45].  
 
 
Figure 5.8. Functional characterization of the neurons derived from dissociated EBs. (A) Typical 
recordings of a mature neuron. (B) Fluorescence images showing F-actin staining of myotubes on 
aligned nanofibers. (C) Fluorescence images showing Tuj1 staining of neurons derived from 
dissociated EBs, which were seeded on top of myotubes. (D) Fluorescence images showing α-
bungaratoxin staining for the acetylcholine clusters. Neuromuscular junctions were formed 
between the neurons and the myotubes during co-culture. 
 
Figure 5.8A shows the recording of a typical extracellular action potential of a 
mature neuron derived from dissociated EBs. To further assess the functions of the neurons, 
I developed a system to investigate the formation of neuromuscular junctions by co-
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culturing them with myoblasts. Myoblasts were cultured on aligned nanofibers for the first 
3 days, after which the proliferation medium was substituted with the differentiation 
medium. After 5 days in differentiation medium, myotubes formed. Neurons derived from 
dissociated EBs were seeded on the top of the myotubes in a neural basal medium with 
B27 as a supplement. Figure 5.8B shows F-actin staining of myotubes. It was seen that 
myotubes were aligned along the direction of fiber alignment, in line with the previous 
reports. Figure 5.8C shows Tuj1 staining of neurites seeded on top of myotubes. Neurites 
preferentially oriented in a parallel way along the myotubes on the uniaxially aligned fibers. 
Figure 5.8D shows α-bungaratoxin staining for acetylcholine receptors, which were 
distributed along fiber alignment on uniaxially aligned fibers. After 7 days, myotubes 
started to contract when co-cultured with neurons derived from dissociated EBs. It is 
noteworthy that the direction of myotube contraction was in line with the direction of fiber 
alignment for uniaxially aligned scaffolds. These results indicated that aligned nanofibers 
can direct not only the outgrowth of neurons derived from dissociated EBs, but also the 
orientation of the neuromuscular junctions, which in turn determines the contraction 
direction of the muscles.  
 
5.4 Summary 
 In this chapter, I first elaborated on controlling the outgrowth patterns of the 
neurites emanating from EBs on uniaxially aligned electrospun nanofibers. Depending on 
the strength of adhesion, neurites can extend either along the nanofibers (when the adhesion 
is strong), or in the direction perpendicular to the alignment (when the adhesion is weak). 
The pharmacological effects of blebbistatin, Y27632, anti-NCAM, and anti-neurofacscin 
supported this hypothesized mechanism. In the second part, I demonstrated that neurons 
derived from dissociated EBs were able to mature on aligned electrospun nanofibers, as 
the neurons were capable of emitting a complete action potential and forming 





5.5.1 Fabrication of Electrospun Nanofibers  
The electrospinning setup and the collector used for fabricating and collecting 
uniaxially and radially aligned nanofibers are similar to those used in our previous studies 
[36, 46, 47]. PCL was dissolved in a mixture of DCM and DMF (Fisher), at a volume ratio 
of 80:20) to obtain a 20% (w/v) solution. A staple collector and a metal ring with a needle 
at the center-were employed to collect nanofibers with uniaxial and radial alignment, 
respectively. Following electrospinning, the aligned fiber samples were transferred to glass 
cover slips and then fixed using medical adhesive (Dow Corning co., Midland, Mi, USA). 
The PCL fibers were sputter-coated with gold before imaging with SEM (NOVA 200 
nanolab, FEI, Oregon, USA) at an accelerating voltage of 15 kV. Samples prepared for cell 
culture were inserted into a 24-well tissue culture polystyrene (TCPS) and sterilized with 
70% ethanol. 
 
5.5.2 Culture of ESCs and Formation of EBs 
The protocols for ESC culture and EB formation was adapted from previous 
publications [17, 18]. RW4 mouse ESCs were obtained from Dr. David I. Gottlieb’s lab 
(Washington University School of Medicine) and cultured in T25 culture flasks coated with 
a 0.1% gelatin solution (Sigma-Aldrich, St. Louis, MO) in the presence of 1000 U/mL 
leukemia inhibitory factor (LIF; Chemicon, Temecula, CA) and 10-4 M β-mercaptoethanol 
(BME; Invitrogen, Grand Island, NY) to maintain their undifferentiated state. Cells were 
cultured in complete media consisting of DMEM (Invitrogen) supplemented with 10% new 
born calf serum, 10% FBS (invitrogen), and 0.3 mM of each of the following nucleosides: 
adenosine, guanosine, cytosine, thymidine, and uridine (Sigma-Aldrich), and passaged at 
a ratio of 1:4 every two days. 
Undifferentiated ESCs were induced to form EBs containing neural progenitor cells 
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using the 4-/4+ retinoic acid treatment protocol. ESCs were cultured in 100 mm petri dishes 
coated with a 0.1% agar solution (Sigma-Aldrich) in complete media in the absence of LIF 
and BME for 4 days. Retinoic acid (Sigma-Aldrich) at 500 nM was then added to the 
complete media for the final 4 days of culture. Media was changed every other day during 
the eight day process. 
 
5.5.3 Seeding of EBs and Dissociated Cells  
In a typical procedure, 1 mL of neural basal media containing B27 supplement 
(Invitrogen) was diluted by 1:50 and added to each well of a 24-well plate (Corning, 
Corning, NY) containing nanofiber samples. Three EBs were seeded onto the surface of 
PCL sample in each well. The media was not changed for the rest of the experiment. In 
order to investigate the differentiation of dissociated cells on the surface of PCL scaffold, 
EBs were dissociated using trypsin and ~1× 105 cells were seeded into each well of 24-
well plate and cultured as described above.  
 
5.5.4 Recording of Extracellular Action Potentials  
Extracellular action potentials were recorded using tungsten-epoxy electrodes (0.5–
1 mω, A-M systems, Aequim, WA) inserted into a culture dish containing neurons derived 
from dissociated EBs. Electrodes were advanced vertically into the dish (and neuron itself, 
when necessary) until spiking activity was detected, similar to the standard procedures used 
for recording neurons in the brain [48, 49]. The recorded voltages were amplified (A-M 
systems model 1800 AC amplifier) before being digitized and sorted using a waveform 
template (FHC APC neural spike recording system, Bowdoinham, ME). The recorded 
action potential typically fired continually at steady intervals and had waveform shapes 
indicative of neurons. 
 
5.5.5 Co-culture of Neurons and Myoblasts 
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C2C12 cells were purchased from American Type Culture Collection and 
proliferated in the medium consisting of DMEM plus 10% FBS and 1% gentamicin and 
streptomycin. The medium was changed every other day till confluence. C2C12 cells were 
then seeded on nanofibers and proliferated for 3 days. Then, the medium was changed to 
differentiating medium (DMEM supplemented with 2% normal horse serum). After around 
5 days, myotubes were formed. Neurons dissociated from EBs were seeded on the 
myotubes in the presence of neural basal medium containing B27 as a supplement and 
differentiating medium for myoblasts.  
 
5.5.6 Immunostaining 
Immunohistochemical analysis was performed to visualize the spatial distribution 
of cells and neurites. After 14 days of culture, each well was washed with 1 mL of PBS 
(Invitrogen) and then fixed for 30 min with 400 µL of 3.7% formaldehyde. When necessary, 
cells were then permeabilized using 400 µL of 0.1% Triton-X 100 in PBS for 30 min. Cells 
were blocked with 400 µL of 5% normal goat serum (NGS; Invitrogen) in PBS for 1 h and 
incubated with primary antibody overnight at 4 oC. Tuj1 primary antibody (dilution 1:300) 
was used to visualize the neurites. Following incubation, each well was washed 3 times 
with PBS for 5 min each. Secondary antibodies (1:200 dilution) were applied for 1 h at 
room temperature. Each well was then washed with PBS and fluorescent images were taken 
using a QICAM fast cooled mono 12-bit camera (Q imaging, Burnaby, BC, Canada) 
attached to an Olympus microscope with Ocapture 2.90.1 (Olympus, Tokyo, Japan). 
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SUMMARY AND FUTURE DIRECTIONS 
 
6.1 Summary 
 This dissertation explores the potential of using electrospun nanofibers with 
uniaxial alignment as scaffolds for repairing tissues with anisotropic structures, with a 
focus on tendon-to-bone insertions, tendons, and nerves. Various modifications were made 
to improve the functionality of the nanofibers in their niches. For tendon-to-bone insertion 
repair, minerals were coated onto the nanofibers in a graded fashion to mimic the 
compositional transition at the native enthesis. The scaffolds wer e then employed to induce 
the graded osteogenesis of ASCs in vitro. As a result, a gradient in the density of osteoblasts 
and pre-osteoblasts, which was positively correlated with the mineral content, were 
established. I also developed another method for generating a gradient in cell density on 
electrospun nanofibers. Briefly, the scaffold was inserted into a homogeneous suspension 
of cells at a tilted angle. Since the number of cells above the scaffold varied, a gradient in 
cell density could be established after cell sedimentation. Reverse gradients in TFBs and 
osteoblasts were fabricated by two sequential seedings, with the scaffold rotated 
horizontally by 180 degrees in between. Both approaches were able to generate a gradient 
in cell phenotypes on aligned nanofibers, making them a class of promising scaffolds for 
repairing injuries at tendon-to-bone insertion.  
 To enhance stiffness at the highly mineralized end of a graded scaffold, I modified 
the coating solution to coat the nanofibers with a thicker mineral layer. Compared to the 
regular coating solution (10SBF), the new formulation, m10SBF, had a higher 
concentration of HCO3
-, which promoted the generation of HA with a smaller grain size. 
In addition, I pre-coated the scaffolds with negatively-charged heparin to further encourage 
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initial nucleation of HA on the surface of the nanofibers. Consequently, nanofibers with a 
significantly higher stiffness were fabricated.  
 As for  tendon repair, a method of generating controllable crimps in aligned 
nanofibers was developed to mimic the crimped microstructure and recapitulate the non-
linear stiffening behavior of tendon. I used ethanol as a plasticizer to release the residual 
stress retained in the nanofibers after electrospinning. With ethanol treatment, the 
nanofibers were induced to retract to different extents, resulting in crimps of various 
degrees in nanofibers. Crimped nanofibers fabricated using this method have mechanical 
characteristics similar to native tendon, giving the TFBs cultured on them a higher 
tolerance on strain.   
 Nerve is another type of anisotropic tissue whose regeneration can be enhanced by 
the application of aligned nanofibers. Depending on the strength of adhesion, neurites 
derived from ESCs can extend in a direction either parallel (strong adhesion) or 
perpendicular (weak adhesion) to fiber alignment. In addition, I also characterized the 
maturation of neurons derived from dissociated EBs on nanofibers by measuring their 
extracellular action potential and ability to form neuromuscular junctions when co-cultured 
with muscle cells. All these demonstrations help build a foundation for using aligned 
nanofibers as scaffolds in neural tissue engineering.  
 
6.2 Future Directions 
 This dissertation focuses on the development of tissue engineering scaffolds based 
on aligned nanofibers and the assessment of cellular response to such scaffolds in vitro. 
Work accomplished in this dissertation lays the foundation for the ultimate goal of applying 
these scaffolds in patients to boost the regeneration events and facilitate healing. To be able 
to achieve this ultimate goal, plenty of work still needs to be done. Future work should 
mostly be devoted to the in vivo testing of the scaffolds, or deeper understanding of the 
interaction between cells and their substrates, should more appropriate ex vivo tissue 
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models be developed in next few years. Some immediate future work pertaining to the 
projects in this dissertation is described in the following context.  
  
6.2.1 Nanofibers with Graded Mineral Coatings for Tendon-to-bone Insertion Repair 
 The majority of future work for tendon-to-bone insertion repair lies in assessing the 
scaffold with a graded mineral coating in vivo. Our groups have already piloted one set of 
experiments to explore the regenerative capacity of such scaffolds in a rotator cuff 
injury/repair model in rats. Four experimental groups were tested, including suture only, 
acellular scaffold, scaffolds seeded with ASCs (cellular group), and scaffolds seeded with 
ASCs transfected with an advenovirus that can produce bone morphogenetic protein 2 
(BMP2) fusion protein (BMP2 group) [1]. In the three groups repaired with scaffolds, a 
5×5 mm2 scaffold was attached over the repaired insertion, with the mineralized end placed 
over the bone, while the unmineralized end was placed over the tendon. Figure 6.1 shows 
a schematic, how the scaffold was placed during surgery.  
 
 
Figure 6.1. The scaffold was placed over the repair site in an effort to guide healing. The 
mineralized end was placed over the bone, and the unmineralized was placed over the tendon. 
 
 Micro-computed tomography (microCT) was performed to measure the density and 
volume of two important areas: the scarred tendon-to-bone insertion, and the trabecular 
bone of the humeral head (Figure 6.2A). Scar characteristics were measured in a 4 mm 
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region near the tendon-to-bone attachment of the supraspinatus tendon. Trabecular bone 
morphometry was measured in a volume of interest spanning approximately 2.5 mm 
between the growth plate and the epiphyseal surface, excluding the cortical bone. 
Measurements of the scar showed that scar size was not significantly affected by the 
treatment or timepoint, suggesting that the scar was neither expanding nor condensing 
during the time between day 28 and 56 (Figure 6.2B). Trabecular bone data showed that at 
day 28, there were significantly less trabeculae in the BMP2 group. After day 56, however, 
the trabecular bone parameters among the groups were not statistically different (Figure 




Figure 6.2. (A) Representative 3D reconstruction of repaired attachment. Regions of analysis are 
indicated by the shaded areas (blue: scar volume, red: trabecular bone) (B: Bone, I: Insertion, T: 
Tendon) (B) Scar volume was similar in all groups. (C) Trabecular number was significantly lower 
in the 28 d cellular BMP2 group compared to other 28 d groups. (D) Bone volume as a percentage 
of total volume (BV/TV) was decreased in the cellular BMP2 group compared to other groups at 




 Average stress-strain curves appeared similar among the groups, and over time 
stresses increased (Figures 6.3, A and B). The BMP2 group had significantly lower strength 
than the acellular group at day 28. The same was lower in the acellular group when 
compared to the suture group at day 56 (Figure 6.3C). The modulus was lower in the BMP2 
group when compared to the suture group at day 56. Also, modulus was lower in the 
acellular group when compared to the suture group at day 56 (Figure 6.3D).  
 
 
Figure 6.3. (A) Average stress-strain curves for 28 d groups and (B) 56 d groups. (C) Ultimate 
stress (i.e., strength) and (D) Modulus for four groups at day 28 and 56. (Bars: Mean + SD, dashed 
line: p<0.1, solid line: p<0.05) 
 
 In general, these results collectively suggested that none of the three groups 
repaired with scaffolds had a statistically significant improvement on tendon-to-bone 
healing when compared with the suture only group. The major reason lies in that the rat 
rotator cuff model is very small, requiring skilled surgeons and repeatable surgical 
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techniques. In this study, scaffold placement was crucial, and could be a source of 
variability. Moreover, instead of being placed between tendon and bone, the scaffolds were 
placed on top of the insertion after the regular surgery was performed. This placement 
forces the scaffolds to rely solely on proximity and diffusion to affect the regeneration at 
the insertion site. Since the insertion in rats is too small for the surgeons to place the 
scaffolds in their biological footprint, a larger animal model, such as rabbit, would 
therefore be more appropriate for assessing the regeneration capacity of the nanofiber 
scaffolds with a gradient in mineral content. Future endeavors will be devoted to 
constructing a new injury/repair model in rabbits, followed by developing a better way to 
integrate the scaffolds into the injured site, in order to see whether improved regeneration 
can be achieved.  
 
6.2 Crimped Nanofibers for Tendon Repair 
 In Chapter 4, I have shown that crimps in nanofibers were capable of protecting the 
TFBs from static mechanical strain. How the TFBs will respond to recurrent loading 
remains unexplored. In native tendon, the TFBs often experience repetitive mechanical 
loading with various degrees of strain [2]. Cyclic loading, therefore, better replicates the 
mechanical dynamics in native tendon.  
 When subjected to cyclic loading, the proliferation rate and production of 
transforming growth factor-beta (TGF-β), platelet-derived growth factor (PDGF), and 
basic fibroblast growth factor (bFGF) of the TFBs were upregulated [3-7]. Moreover, the 
expression levels of collagen genes I, III, and XII, as well as aggrecan, fibronectin, prolyl 
hydroxylase, and tenascin, were consistent with those of TFBs in native tendon [8-10]. 
Furthermore, cyclic loading is capable of promoting the differentiation of MSCs into the 
fibroblastic lineage [11]. Taken together, these results indicate that cyclic mechanical 
stretching may have a positive impact on tendon healing through stimulation of cell 
proliferation, differentiation, and matrix formation.  
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However, the elastic substrates used in the aforementioned studies were composed 
of either non-biodegradable materials such as silicone and other rubbers [3, 9, 10], or 
collagen gel that does not mimic the anisotropic structure of tendon [8]. Aligned nanofibers 
with crimps therefore provide certain advantage as tissue engineering scaffolds for tendon 
repair. Future endeavors may be devoted to investigating the cellular behavior (viability, 
proliferation, and differentiation, among others) on crimped nanofibers under cyclic 
loading, and eventually, assessing their regeneration potential in vivo.   
 
6.3 Aligned Nanofibers for Neural Tissue Engineering 
 In Chapter 5, I demonstrated that neurons derived from dissociated EBs were able 
to mature on nanofibers. It is noteworthy that neuronal cultures derived from dissociated 
EBs usually contain various neuronal subtypes and non-neural cells such as glia [12-15]. 
The major type of glia cells derived from ESCs is astrocytes, which usually lead to scar 
formation [16-18]. Minimizing the percentage of astrocytes in the cell population is 
therefore critical to promoting the regenerative capacity of ESC therapy. My preliminary 
results showed that few cells were stained positively for glial fibrillary acidic protein 
(GFAP) when PCL nanofibers were used as the substrate, regardless of their topography 
(Figure 6.4, A-D), whereas the percentage of astrocytes was ~40% for cells derived from 
dissociated EBs cultured on TCPS (Figure 6.4, E and F). The potential reason for the 
reduction in population of astrocytes may lie in the ability of the nanofibers to suppress the 
proliferation of astrocytes. For example, Chew et al. demonstrated that electrospun 
poly[caprolactone-co-(ethyl ethylene phosphate)] nanofibers could significantly inhibit the 
proliferation rate of rat cortical astrocytes, while promoting apoptosis and gene-silencing 
[19, 20].  
A systematic investigation of the mechanism underlying this inhibition effect of 
nanofibers on astrocytes is still in its infancy. For example, it is not clear whether this effect 
is unique to nano-sized structures. Future work dedicated to understanding the interaction 
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between astrocytes and nanofibers will further broaden the application of nanofiber 
scaffolds for neural tissue engineering.  
 
 
Figure 6.4 Fluorescence images showing (A, C, E) DAPI straining for cell nuclei and (B, D, F) 
GFAP staining for astrocyptes. Cells were maintained on (A, B) aligned nanofibers, (C, D) random 
nanofibers, and (E, F) TCPS for 14 days in neural basal medium. No positive GFAP stain for cells 
cultured on nanofibers can be seen, while a large population of the cells cultured on TCPS 
differentiated into astrocytes. 
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